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1
Introduction

In this thesis I study X-ray phenomena associated with accretion processes in low-
mass X-ray binaries. These processes can proceed in different ways and change with
time, giving rise to different so-called accretion states of the accreting source. In this
chapter I give an overview of these phenomena in low-mass X-ray binaries, and I
explain the methods I used in this thesis to study these sources.

1.1 Low-mass X-ray binaries

X-ray binaries are systems in which a compact object, a neutron star (NS) or a black
hole (BH), is accreting matter from a nearby companion star. When the mass of
the companion star is lower than that of the compact object (usually with the mass
of the companion star below one solar mass, M⊙, e.g. van den Heuvel 1975), this
binary system is referred to as a low-mass X-ray binary (LMXB). Fig. 1.1 shows an
artist impression of an LMXB. Mass accretion in LMXBs takes place via Roche-lobe
overflow: As the companion star expands, or the orbital separation between the two
objects decreases, gas at the outer layers of the companion star eventually moves
out of the potential well around the companion star and falls into the potential well
of the compact object via the first Lagrangian point (e.g. Frank et al. 1992). The
instreaming matter has a large orbital angular momentum and cannot fall directly
on to the compact object as the total angular momentum is conserved. The gas that
moves from the Lagrangian point initially forms a ring around the compact object.
Tidal forces in the binary system make the orbits of different rings to precess and
interact with each other. Viscosity and friction tend to circularize these rings as mass
moves inwards and angular momentum is transferred outwards. In this way a so-
called accretion disc is formed (Pringle & Rees 1972). The size of the accretion disc
is determined by the location of the first Lagrangian point, which sets the maximum
size of the disc, and the innermost stable circular orbit (ISCO; Shakura & Sunyaev
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Jet

Compact object

Accretion stream

Accretion disc

Corona
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Fig. 1.1: Graphic illustration of a low-mass X-ray binary with its main features labelled. The
compact object resides in the center of the accretion disc and is therefore not visible. The image
was produced with the program BINSIM developed by Rob Hynes.

1973), which sets the minimum radius of the inner disc edge. Matter that crosses
the ISCO cannot be in a stable orbit and plunges onto the compact object. For NS
systems the innermost disc radius cannot be smaller than the NS radius, even if the
ISCO lies inside the NS itself.
In the accretion process, viscous stresses and internal friction heat up the disc,

which can radiate away thereby releasing gravitational energy (e.g. Shakura & Sun-
yaev 1973; Frank et al. 1992). The disc region close to the compact object is hot, reach-
ing temperatures of several million degrees and hence radiates in X-rays, whereas
the cooler outer disc (with temperatures in the order of a few thousand degrees)
radiates in the optical and/or infrared bands.
Besides the infalling matter in the accretion disc, the disc and compact object are

believed to be surrounded by a corona: a region of hot electron plasma that can
reach temperatures of tens to hundreds of keV1. The geometry and origin of this
corona is not known, but there is observational and theoretical evidence that such a
hot plasma emits in X-rays via inverse Compton scattering (Pozdnyakov et al. 1983;
Thorne & Price 1975; Dove et al. 1997). By studying the X-ray emission coming from
the disc and corona in LMXBs it may also be possible to examine general relativistic
effects in the strong-field regime, as it is the inner region close to the compact object
where theses effects are important. In fact, studying LMXBs is fundamental to test
theories of gravity under extreme conditions that we cannot reproduce on Earth.
In addition, the density in neutron stars exceeds the mean density of matter here
on Earth by more than ten orders of magnitude, and studying these neutron stars

1 1 keV≃ 1.2 × 107 K
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(by measuring their masses and radii) may help us constrain the properties of such
ultra-dense matter.

One of the main goals in the study of LMXBs is to establish the nature of the com-
pact object. AsNSs have a stellar surface whereas BHs do not, observing phenomena
related to the presence of such a surface (like X-ray bursts and X-ray pulsations; e.g.
Lewin & Joss 1981; Wijnands & van der Klis 1998) reveals the presence of a NS. Ad-
ditionally, optical spectroscopy of the LMXB gives the radial velocity curve of the
companion star and hence sets a lower-limit to the mass of the compact object. In
case themass of the compact object is larger than 3M⊙ it must be a BH asNSs formed
from stellar evolution cannot be more massive than 3M⊙ (Kalogera & Baym 1996).
Currently, there are at least 48 LMXBs showing X-ray bursts revealing the presence
of a NS (Galloway et al. 2008) and there are around 20 systems with a dynamically
confirmed BH (Remillard & McClintock 2006). When the mass of the compact object
in the LMXB is not known, but the X-ray properties of the source resemble those of a
black hole (see following sections), the LMXB is referred to as a BH candidate (BHC).

1.2 X-ray properties of LMXBs

Since the discovery of the first LMXB in 1962 (Sco X-1; Giacconi et al. 1962) more
than 200 LMXBs have been detected in our own Galaxy, the Magellanic Clouds (Liu
et al. 2007b) and other more distant galaxies (e.g. in M31; Voss & Gilfanov 2007). The
X-ray emission coming from these sources is known to vary with time. Not only the
X-ray intensity shows fluctuations on short (less than a minute) and long time scales
(up to years), the energy distribution of the X-ray photons also changes with time.
The fastest variability has time scales comparable to the dynamical time scale of
matter moving near the compact object, and is very often believed to be due to inho-
mogeneities in the disc (e.g. van der Klis 2006). The long-term variability is probably
driven by the viscous time scale of the outer accretion disc, and is likely caused by
accretion-flow instabilities due to changes in the mass accretion rate (Lasota 2001).

There are differentways of looking at the variable behaviour of LMXBs, with each
of these methods having their strengths and weaknesses, and each of these ways
revealing different characteristics of LMXBs. In the following sections I discuss the
main methods I used in my thesis.

1.2.1 Light curve

Light curves are used to study the X-ray intensity as function of time. By looking at
the long-term intensity variations, LMXBs can be divided into persistent and tran-
sient sources. The persistent LMXBs are actively accreting for many years (up to
40 years or more). Although the persistent LMXBs are always ‘on’, they still show
changes in the X-ray intensity over periods of days to years. The transient LMXBs
are most of the time in quiescence (i.e. no or very little accretion takes place) but
they occasionally show outbursts typically lasting weeks to months. During an out-
burst mass transfer takes place forming the accretion disc (see Section 1.1), and the
X-ray intensity increases by several orders of magnitude. Fig. 1.2 shows two light
curves of the Proportional Counter Array (PCA) onboard the Rossi X-ray Timing Ex-
plorer (RXTE) satellite (see Section 1.5.2) for a persistent and a transient LMXB. The
top panel shows the light curve of the persistent NS-LMXB 4U 1820−30 where it



12 Introduction

 1

 2

 3

 4

 5

 6

 7

10
00

 c
ts

/s
/5

P
C

U

 0

 2

 4

 6

 8

 10

 12

 51000  51500  52000  52500  53000  53500  54000  54500  55000  55500  56000

10
00

 c
ts

/s
/5

P
C

U

Time (MJD)

Fig. 1.2: RXTE/PCA (2–10 keV) light curves obtained from the Galactic bulge monitoring
observations (see Swank & Markwardt 2001) of the persistent NS-LMXB 4U 1820−30 (top
panel) and the transient BH-LMXB H1743−322 (bottom panel).

is clear that the source has been ‘on’ for more than 10 years, still showing strong
fluctuations. The bottom panel shows the light curve of the transient BH-LMXB
H1743−322 in which one major and several minor outbursts are seen, each alternat-
ing with long periods of quiescence. Of the 20 dynamically confirmed BHs, 17 of
them are transients.

1.2.2 Hardness-intensity and colour-colour diagrams

The energy spectrum of LMXBs changes with time and intensity. To study the energy
distribution of the X-ray photons one can analyse the energy spectrum by describing
it by one or more spectral model components (see Section 1.2.3), or one can apply
the colour analysis. An X-ray colour is obtained by dividing the energy spectrum
into a few (typically 3 or 4) energy energy bands and calculating the count rate ra-
tio between two different energy bands. X-ray colours quantify the photon-energy
distribution without the need of assuming a certain spectral model. Besides, colours
can usually be calculated for short time intervals (seconds to minutes) and, albeit
with lower spectral resolution, they may be more sensitive to subtle changes in the
energy-dependent emission of the source than X-ray spectra. In order to obtain an
energy spectrum of sufficient signal-to-noise, one usually has to add data obtained
over long periods of time, whichmay result in spectral changes on shorter time scales
being averaged out.
The colour analysis makes use of hardness-intensity diagrams (HIDs) and colour-

colour diagrams (CDs). LMXBs follow typical tracks in these diagrams when the
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Fig. 1.3: Hardness-intensity diagram for the transient BH-LMXBGX 339−4 (top panel) and the
colour-colour diagram for the persistent NS-LMXB 4U 1636−53 (bottom panel). Each point
is one observation. The sources describe a narrow track in the diagrams, which is thought to
trace the mass accretion rate. The arrow indicates the direction in which Ṁ increases.

source is actively accreting: The HID of transient LMXBs usually shows a q-like
track (e.g. Homan & Belloni 2005), whereas persistent LMXBs (mainly neutron stars)
can show very different shapes (e.g. an L-like shape in the HID, or a Z-shaped track
in the CD; Hasinger & van der Klis 1989). For neutron stars the CD is generally used
instead of the HID. The position of the source in the HID or CD is thought to trace

the mass accretion rate, Ṁ (e.g. van der Klis et al. 1990; Esin et al. 1997). Fig. 1.3
shows examples of an HID and a CD with the direction in which the mass accretion
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Fig. 1.4: Energy spectra of the NS-LMXB 4U 1705−44 in the soft (grey data) and hard (black
data) spectral states. (Figure taken from Gilfanov 2010.)

rate is believed to increase indicated by an arrow.

1.2.3 X-ray energy spectrum

In contrast to the X-ray colours, the energy spectrum gives more detailed informa-
tion on the energy distribution of the X-ray photons as it has a much better energy
resolution. Also, fitting models to the spectra provides physical parameters for the
accretion flow, like the temperature and geometry of the accretion disc and corona.
The energy spectrum of LMXBs, although changing with time and intensity, can be
generally described by two main components: a soft, thermal component peaking
near 1–2 keV, and a hard component extending to high energies, up to tens to hun-
dreds of keV. The soft component is thought to be produced by an optically thick and
geometrically thin accretion disc (Shakura & Sunyaev 1973), and is often described
by a multi-colour disc blackbody (Mitsuda et al. 1984): This can be regarded as a su-
perposition of blackbody spectra each with its own temperature and flux according
to the energy release and temperature profile of the disc. The hard component is be-
lieved to be related to emission produced by an optically thin corona in the vicinity
of the compact object. Inverse-Compton scattering of soft photons from the accre-
tion disc is the most plausible process to describe the hard component (Sunyaev &
Truemper 1979; Sunyaev & Titarchuk 1980), which is usually described by a power
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Fig. 1.5: The reflection spectrum from a cold neutral slab of matter with cosmic abundances,
illuminated by a power-law of index 2. (Figure adapted fromMiller 2007.)

law. Depending on the spectral state (see Section 1.3) of the source, either the soft
or the hard component may dominate the spectrum, or the two components may
coexist and give comparable contributions to the total emission. Fig. 1.4 shows the
energy spectra of the NS 4U 1705−40 representing two distinct spectral states: the
grey data show the spectrum which is dominated by the soft thermal component,
whereas the black spectrum is dominated by the hard component.

The energy spectra of NSs can be more complex than those of BHs as, in addi-
tion to the two main components, NS spectra could have another component due to
the presence of the solid surface of the neutron star and/or the boundary layer. The
boundary layer is a region between the accretion disc and the neutron star surface,
and its geometry in unknown. It is the region over which the orbital frequencies of
the matter in the disc (with frequencies in the order of 1000 Hz) adjust to the spin
frequency of the NS, which is typically below 500–700 Hz. Depending on the NS
spin and the magnetic field, the boundary layer could be described by a ring-like
region (for low spin frequencies; see e.g. Popham & Sunyaev 2001), or by a more
spherical geometry as the accreted matter spreads over the NS surface (see Gilfanov
& Revnivtsev 2005, and references therein). The boundary layer and/or stellar sur-
face are expected to radiate like blackbodies producing a soft, thermal component,
typically with temperatures of 1–2 keV (e.g. Gilfanov & Revnivtsev 2005). Compton
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Fig. 1.6: Left: The physics behind the relativistic broadening mechanism of an emission line
around a compact object. Right: Line profiles for the case of a non-rotating Schwarzschild BH
(red) and a maximum Kerr BH (blue). (Figures adapted from Fabian et al. 2000).

upscattering may cause this blackbody-like component to be slightly modified (see
Chapter 4).

In addition to the disc photons which are upscattered towards the observer, and
causing the hard power-law tail, part of these upscattered photons also illuminate
the disc. When the accretion disc is irradiated by X-rays it produces backscattered
radiation, fluorescence, recombination and other emission, and all together this is
referred to as the reflection spectrum (see e.g. Fabian & Ross 2010, and references
therein). This reflection spectrum consists of a structured continuum together with
a complex line spectrum. Fig. 1.5 shows the reflection spectrum of a slab of material
that is illuminated by a power law of index 2. At low energies, photo-electric absorp-
tion dominates and the reflection fraction is small. However, the photo-electric cross-
section increases with energy and hence the reflection fraction increases. Above
∼10–20 keV electron scattering dominates, with Compton downscattering becom-
ing increasingly important at high energies, leading to a hump between 20–50 keV.
After X-rays are being absorbed, the atoms can release their gained energy by either
ejecting an Auger electron or by emitting a fluorescence line. The fluorescence yield
varies as Z4 (with Z being the atomic number), so line emission is particularly strong
for iron (Fe), making it a prominent feature in the reflection spectrum.

As the reflected emission is coming from material that is rapidly rotating in a
strong gravitational field, the reflection spectrum is believed to be modified due to a
combination of effects. The left-hand side of Fig. 1.6 summarises the physics behind
these effects, on, for simplicity, a single emission line. Since the accretion disc ma-
terial rotates, Doppler blue- and redshifts cause the line to display a double-peaked
profile, the so-called Doppler horns. Due to the high (relativistic) velocities in the
disc, special relativistic effects boost the intensity of the blueshifted photons, whereas
the redshifted photons are deboosted. Then, due to the strong gravity field near the
compact object, general relativistic effects cause the line profile to be redshifted. The
final broadened and skewed line profile is shown in the bottom-left panel in Fig. 1.6.
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All these effects become stronger as the distance to the compact object decreases. In
particular, the extent of the red wing of the line depends on the strength of the grav-
itational redshift, and hence depends on the size of the innermost radius of the disc
(e.g. Fabian et al. 1989; Laor 1991). All this is important as lines emitted from the
inner disc may be used to measure BH spin (see e.g. Bardeen et al. 1972). For a non-
rotating Schwarzschild BH (with dimensionless spin paramter, a∗ = 0) the ISCO is at
6 gravitational radii, Rg (Rg = GM/c2), whereas the ISCO decreases for a spinning
BH, reaching 1.23 Rg for a maximally rotating Kerr BH (a∗ = 0.998). The right-hand
side of Fig. 1.6 shows two relativistically smeared line profiles, one for a non-rotating
Schwarzschild BH (in red) and one for a maximum Kerr BH (in blue). Many broad
and asymmetric Fe lines have been observed in LMXBs, where the observed line
profiles are usually well-fit with a relativistic disc line model (for a review on lines
in BHs see e.g. Miller 2007; see also Chapters 2–4).

1.2.4 Power spectrum

Long-term light curves of LMXBs show that the X-ray intensity is variable on time
scales of days to years. However, the X-ray intensity also shows significant fluctu-
ations on time scales of seconds to milliseconds. This very fast variability is better
studied in the frequency domain than in the time domain, as the signal is often too
weakwith the fluctuations often having an amplitude of only a few per cent of the to-
tal intensity, and the data are further subject to Poissonian counting statistics. Fourier
techniques to produce power spectra are therefore used to study the variability in the
light curve (see van der Klis 1989, for an extensive overview of Fourier techniques
applied to this kind of objects). The power spectra are used to identify the character-
istic frequencies of the variability, with the Fourier power being proportional to the
total variance (strength) in the light curve at those frequencies. The variance is usu-
ally reported in terms of its fractional root-mean-squared (rms) amplitude, which is
a measure for the modulated photons as a fraction of the total source flux.

The power spectrum is generated by dividing the light curve into segments of
equal length and applying a Fourier transform to each of these segments. The power
spectra of all the segments are then averaged. The length of each segment, T , deter-
mines the lowest frequency that can bemeasured in the power spectrum, νmin = 1/T ,
as well as the frequency resolution: δν = 1/T . The highest frequency in the power
spectrum, also known as the Nyquist frequency, is determined by the time resolu-
tion, δt, of the data: νmax = 1/(2δt).

A signal covering a broad frequency range in the Fourier power spectrum is usu-
ally called broadband noise, and can be fit with a power law or broad Lorentzians in
the frequency domain. Narrow-peaked features in the Fourier power spectrum are
called quasi-periodic oscillations (QPOs). Power density spectra of LMXBs can have
a variety of shapes. The power spectrum can be relatively simple, only showing an
aperiodic noise component spread over a large frequency range, but it can also be
very complex with several peaked features superimposed on the broadband noise.
As suggested by Belloni et al. (2002), the power spectrum of LMXBs can be fit with
multiple Lorentzians, either to fit the noise components as well as to fit the QPOs.
Fig. 1.7 shows the power spectrum of the NS-LMXB 4U 1636−53 which is fit with
multiple Lorentzians.
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Fig. 1.7: Power spectrum of the NS-LMXB 4U 1636−53 fit with multiple Lorentzians. (Figure
adapted from Altamirano et al. 2008.)

1.3 Spectral states

From an historical perspective, LMXBs show two basic distinct states: the hard state
when the source X-ray intensity is low, and the soft state when the source X-ray in-
tensity is high. With better monitoring programs, also an intermediate state and state
transitions have been observed. Based on changes in spectral and timing properties,
the X-ray behaviour of LMXBs is classified into different spectral states. I will go
through the main states of BHs in the Section 1.3.1, but similar states can be found
for NSs (see Section 1.3.2). It is generally believed that mass accretion rate is respon-
sible for the changes in the spectral and timing properties (see Homan et al. 2001,
and references therein). However, it is not perfectly clear what drives the transition
between the different spectral states. Mass accretion rate as well as disc instabili-
ties (see Section 1.4) could be responsible for that, although other factors cannot be
excluded.

1.3.1 Black hole states

Until the late 1990s five different spectral states were identified (quiescence, low-
hard, intermediate, high-soft and very-high state; see e.g. Esin et al. 1997), based on
the spectral shape and the 1–10 keV flux of BH LMXBs. It was generally assumed
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that the these states were determined by the mass accretion rate (proportional to the

X-ray luminosity), with transitions being triggered by changes in Ṁ . With the launch
of RXTE (see Section 1.5.2), studies of transient BH systems showed that this classifi-
cation scheme was no longer accurate, as any of the active states could occur at any
luminosity. McClintock & Remillard (2006) proposed a new classification scheme in
which they defined the spectral states based on the spectral and timing properties
of the source, i.e. the power-law index, the disc fraction (relative contribution of the
disc flux to the 2–20 keV spectrum) and the continuum level of the power spectrum.
Homan & Belloni (2005) introduced another classification scheme which is as well
based on spectral and timing properties of the source, but it also includes detailed
description of sudden changes in the QPO properties seen in the power spectra.

The spectral states used in this thesis are based on the classification scheme pro-
posed by Homan & Belloni (2005) and Belloni (2010). Here I highlight the main
characteristics of the five active states (the quiescence state is not mentioned here as
the source is ‘off’). The five spectral states proposed by Belloni (2010) are indicated
in a graphical illustration in Fig. 1.8, in which the general behaviour of transient BHs
is shown in a HID and hardness-rms diagram.

Low-hard state: This state corresponds to the vertical branch in the HID (see
Fig. 1.8), and is characterized by a hard, power-law dominated energy spectrum
with a typical power-law index of 1.5–1.8. A thermal component is usually not seen
(see Chapter 2) as the disc temperature is below the X-ray bandpass. The low-hard
state has a strong band-limited noise component in its power spectrum with typical
fractional rms amplitudes of ∼30–45%. As the intensity increases, the integrated
variability decreases whereas the characteristic frequencies of the power-spectral
components increase. One of these components can occasionally take the form of
a QPO.

High-soft state: This state is characterized by an energy spectrum dominated by
a strong thermal disc component, with typical inner-disc temperatures of ∼1 keV.
The power-law component is weak and steep with a typical index of 2–2.5. Variabil-
ity in the soft state is weak, down to∼1% fractional rms amplitudes, andweak QPOs
are sometimes detected between 10–30 Hz.

Hard-intermediate state: The hard-intermediate state (HIMS) has a softer energy
spectrum than the low-hard state, with a steeper power law (with an index up to
∼2.5) and a thermal disc component. The HIMS describes the horizontal branch in
the HID (see Fig. 1.8), and depending on the transition from hard-to-soft or soft-
to-hard, the power law steepens/flattens and the disc fraction increases/decreases.
The power spectrum in the HIMS shows a clear QPO (type C, see Chapter 5) with
a characteristic frequency that evolves with hardness. Further, the power spectrum
has a strong band-limited noise component with a total fractional rms amplitude of
10–20%, which decreases as the source becomes softer.

Soft-intermediate state: The soft-intermediate state (SIMS) has a similar, but
slightly softer energy spectrum than the HIMS, but has fundamentally different tim-
ing properties. The variability level in the SIMS is lower than in the HIMS, and can
be as low as a few per cent. A QPO is often present in this state.

Anomalous state: This state has so far only been seen in four sources (GRO
J1655−40, H1743−322, XTE J1550−564 and 4U 1630−47), all of which show a phase
in their outburst where their X-ray intensity reaches extremely high values (up to
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Fig. 1.8: Schematic illustration of the general behaviour of transient BHs. The HID is shown
in the top panel with the spectral states indicated. The hardness-rms diagram is shown in the
bottom panel. (Image courtesy: Belloni (2010).)

several Crab). Besides the high flux level, the spectral hardness in this state corre-
sponds to that of the High-soft state or SIMS, although there is evidence that the
energy spectrum of the anomalous state is different than in any of these other two
soft states. The anomalous state is characterized by a high inner-disc temperature, a
very small inner disc radius, a steep hard component and a low disc fraction (con-
tribution of the disc to the total flux). The anomalous state is further characterized
by an integrated variability that is higher than in the high-soft state and SIMS, even
reaching rms amplitudes up to ∼10%.
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1.3.2 Neutron star states

Based on the timing properties and the pattern that they trace in the CD, NSs can be
divided into two subclasses, the Z sources and the atoll sources (Hasinger & van der
Klis 1989). The Z sources are the most luminous of the two (with X-ray luminosities
close to, or above 1038 erg s−1), whereas the atoll sources (the majority of the known
NS systems) display a broad range of X-ray luminosities (∼1035–1037 erg s−1). The
Z sources show clear QPOs in the power spectra and are usually spectrally softer
than the atoll sources. The exceptions on this source classification may be Cir X-1
and XTE J1701−462. Cir X-1 shows spectral and timing properties that are typical
for an atoll source (Oosterbroek et al. 1995) but based on the characteristic Z pattern
in the HID and timing properties, the source could also be classified as a Z source
(Shirey et al. 1999; Soleri et al. 2009). XTE J1701−462 is a transient NS LMXB, which
was classified as a Z source based on spectral and timing properties in the first 10
weeks of its outburst, but switched to an atoll source as its X-ray intensity decreased
(Homan et al. 2007; Sanna et al. 2010). This transient behaviour in XTE J1701−462
suggests that the difference between Z and atoll sources is set by the mass accretion
rate.

Although the nomenclature and the detailed properties of the timing and spec-
tral properties of each of these subclasses are different (and extensively described in
Hasinger & van der Klis 1989), based on similarities in the X-ray energy and power
spectra two basic spectral states can be identified: the low state and the high state2.
The low state is characterized by a hard power-law tail in the energy spectra, and a
strong band-limited noise component in the power spectra, and is comparable with
the low-hard state in BHs. The low state occurs in atoll sources but is not seen in Z
sources (except for XTE J1701−462). The high state is characterized by a soft energy
spectrum and low variability, and is comparable to the high-soft state in BH systems.
The atoll sources show transitions between the two states, whereas the luminous Z
sources, believed to accrete near Eddington, are in the high state and do not show
state transitions.

1.4 Standard accretion disc scenario

The different spectral states could be well described from the observational point of
view. However, the mechanism that drives the states and state transitions remain
uncertain. A widely believed scenario is one in which the spectral states and tran-
sitions are described by changes in the geometry of the accretion flow, both the disc
and corona, triggered by changes in the mass accretion rate. For the high-soft state,
where the X-ray spectrum is dominated by thermal emission and little or no hard
emission is detected, the standard scenario predicts an accretion disc that extends
down to the ISCO (the inner disc radius appears to remain constant even despite
large changes of the disc flux; Tanaka & Lewin 1995). In this state the disc flux is
high, and the soft photons emitted by the disc cool down the hot electron gas in the
corona, causing the power-law spectrum to steepen. In the low-hard state the accre-
tion disc is truncated at a large radius as no or little thermal disc emission is detected.

2The reader should notice that the definition of states in NS systems is much more complex than the
simplified version described here. A full description of NS states is beyond the scope of this thesis. The
reader is referred to the thesis of J. Homan for details, see http://dare.uva.nl/en/record/101036.
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For a few sources for which interstellar absorption is low (and hence the low-energy
emission can be easily observed), a cool disc component (with temperatures below
0.5 keV) is detected in the low-hard state, which has been interpreted as due to a cool
accretion disc truncated at a large radius (e.g. Chaty et al. 2003). During the soft-to-
hard transitions the inferred disc radius is found to increase as the disc temperature
decreases (Gierliński et al. 2008). Also, changes of characteristic frequencies in the
power spectra of BHCs during state transitions (e.g. Méndez & van der Klis 1997;
Homan & Belloni 2005) seem to support the idea of a changing inner disc radius.
In the low-hard state the corona becomes dominant again as less disc photons are
available to cool down the electrons in the corona.

1.5 X-ray telescopes

To study X-ray sources we need satellites as X-rays cannot penetrate the Earth atmo-
sphere. I will highlight the properties of the two X-ray satellites used in this thesis.

1.5.1 XMM-Newton

The ESA X-ray Multi Mirror mission, XMM-Newton, was launched on December
10, 1999 into a 48-hours orbit. The 10m long XMM-Newton satellite (Jansen et al.
2001) contains three 1500 cm2 X-ray telescopes, each with a charged-coupled device
(CCD) based European Photon Imaging Cameras (EPIC) at the focus. Fig. 1.9 shows
a schematic illustration of the observatory. The EPIC instruments are sensitive in
the 0.1–15 keV range, and use two MOS (Metal Oxide Semi-conductor) CCD arrays
(Turner et al. 2001) and one pn CCD (Strüder & et al. 2001) as imaging spectrom-
eters with a moderate spectral resolution (E/∆E ≃ 20–50). The Reflection Grating
Spectrometers (RGS den Herder et al. 2001) are located behind two of the telescopes,
and allow high-resolution (E/∆E ≃ 100–500) measurements in the soft X-ray range
(0.3–2.1 keV) with a maximum effective area of about 140 cm2 at 15 Å (∼0.83 keV).
All EPIC CCDs are operated in a photon counting mode with a fixed, mode-

dependent, frame read-out. Each of these operating modes have different properties
for the two types of instruments. In the full frame and extended full frame (for pn
only) modes, all pixels of all CCDs are read out. In the small window and large win-
dow mode only part of the CCD is read out. In timing mode, imaging is made only
in one dimension. The other dimension of the CCD is collapsed into one pixel which
is read out at high speed. The operating mode set for an observation depends on the
brightness of the source. For bright sources the timing mode is needed, otherwise
the high count rate causes pileup. Pileup is the phenomenon in which the flux and
the energy distribution of a source are affected when more than one photon hit the
same pixel within one read-out cycle. By decreasing the read-out time, pileup effects
are reduced.

At the time of writing, the XMM-Newtonmission is still working, with its lifetime
being extended up to the end of 2012. Since the beginning of its scientific operation,
XMM-Newton contributed to a wide variety of scientific cases with breakthrough
observations of several compact objects. Thanks to its large effective area, energy
coverage, good sensitivity and moderate spectral resolution, XMM-Newton is well
suited to study the X-ray emission coming from the corona and accretion disc in
LMXBs.
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Fig. 1.9: Schematic illustration of the XMM-Newton observatory. The three X-ray telescopes
(two of them with RGS) are visible in the lower left part of the picture. The focal instruments
are shown at the right end of the assembly. The cameras and their radiators are the EPIC-MOS,
represented by the green/black horns, the EPIC pn in violet and the RGS in orange. (Image
courtesy: ESA/XMM-Newton and Dornier Satellitensysteme GmbH)

1.5.2 Rossi X-ray Timing Experiment

NASA’sRossi X-ray Timing Explorer (Bradt et al. 1993)was launched on December 30,
1995 into an∼90minutes orbit (at an altitude of 580 km). The satellite has three main
instruments on board, which are the All-Sky Monitor (ASM; Levine et al. 1996), the
Proportional Counter Array (PCA; Jahoda et al. 2006) and the High-Energy X-ray
Timing Experiment (HEXTE; Rothschild et al. 1998). Fig. 1.10 shows a schematic
view of the observatory with the three instruments indicated. The ASM observes
∼80% of the sky every 90 minutes, and is sensitive in the 2–10 keV range. For about
350 sources ASM light curves are publicly available, which allows us to follow the
long-term evolution of LMXBs. The ASM is also useful for detecting new transients
or new outbursts of known transients, allowing to trigger follow-up observations.
The PCA consists of five proportional counter units (PCUs) with a total collecting
area of ∼6250 cm2, and is the main instrument on board the satellite. The PCA cov-
ers the 2–60 keV range, it has a time resolution of ∼1µs and an energy resolution of
∼1 keV at 6 keV. The HEXTE consists of 8 scintillation detectors grouped into two
clusters of detectors (clusters A and B), each of them having an area of ∼800 cm2.
HEXTE is sensitive in the 15–200 keV range, it has a time resolution of 8µs and an
energy resolution of ∼10 keV at 60 keV. Due to the large field of view and the lack
of spatial resolution, the background could be an issue for this instrument. How-
ever, by oscillating (‘rocking’) the two clusters between on and off source positions,
this problem is solved. Unfortunately, cluster B stopped rocking on December 14,
2009. The HEXTE is co-aligned with PCA, and both instruments are almost always
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Fig. 1.10: A schematic view of the RXTE satellite. The three main X-ray detectors on board are
the ASM, PCA and HEXTE. The solar panels provide the satellite with energy, the antennas
provide the data link with ground based stations and the star trackers are used to guide the
instrument pointing.

operated simultaneously.

RXTE’s exceptionally good time resolution in combination with its moderate
spectral resolution and large effective area makes this satellite perfectly suitable to
explore the variability of X-ray sources. Originally planned for a lifetime of 5 years,
RXTE passed this goal and performedwell for more than 15 years. It mademany im-
portant scientific contributions in the study of X-ray sources. Sadly, the instrument
will be turned off at the beginning of 2012.

1.6 Outline of this thesis

In this thesis I study the X-ray energy and power spectra of several LMXBs observed
in different spectral states.

In Chapter 2 I discuss the issue of the accretion disc geometry in the low-hard
state, using simultaneous XMM-Newton/RXTE observations of the black hole candi-
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date Swift J1753.5−0127. This source is one of the few LMXBs in which the truncation
of the inner disc is strongly debated as a soft excess is observed in the energy spec-
trum. This soft excess is explained as thermal emission produced by the accretion
disc, which is suggested to have an inner radius near or at the ISCO. Also, I report
on the discovery of a broad Fe emission line present in the low-hard state spectrum
of Swift J1753.5−0127. Fitting the broad-band spectrum and modelling the Fe emis-
sion line with different spectral continuum and line models, resulted in ambiguous
parameters: Depending on the models assumed, the low-hard state spectrum was
consistent with a disc truncated at a moderate distance, as well as with a disc that
extended down with an inner radius near or at the ISCO.
In Chapter 3 I present the results of an intermediate-state spectrum of the new

BH candidate XTE J1652−453, which was discovered in 2009. The energy spectrum
showed a broad and strong Fe emission line, one of the strongest lines ever detected
for a BH-LMXB. Fitting the X-ray spectrum (simultaneousXMM-Newton/RXTE) with
different line and continuum models, resulted in a robust measurement of the line
and continuum parameters. I further find that the line strength is likely the result of
the fact that both the disc and corona were significantly contributing to the energy
spectrum (as it was in a transition from the soft to the hard state), and that both
components are needed to produce a strong reflection signature.
In Chapter 4 I present the results of the spectral analysis of the NS 4U 1636−53,

using six observations (simultaneous XMM-Newton/RXTE) covering different spec-
tral states. In this chapter I study the Fe emission line present in all six observations
by fitting the spectra with a self-consistent reflection model. With this model I inves-
tigated the relative contribution of the corona and theNS stellar surface (or boundary
layer) to the reflection spectrum and Fe line for the different spectral states. I found
that the contribution of each of the two components depended on the spectral state:
For the soft state I found that the emission from the NS (or boundary layer) was the
main source contributing to the reflection spectrum, whereas for the hard state the
coronal emission was the dominant source of irradiation.
In Chapter 5 I report on the results of the timing analysis of the black hole GRO

J1655−40 in an anomalous state, so far only seen in 4 sources. In this spectral state,
which I refer to as the super-bright state, the source becomes extremely bright, reach-
ing an X-ray intensity of more than∼4 Crab, while its X-ray spectrum hardens. Dur-
ing this super-bright state the source was highly variable with power spectra show-
ing a relatively strong broad-band noise component. Additionally to this broad-
band noise, two peaked signals were apparent near 7 and 18 Hz, with properties
that evolved with intensity and hardness. In Chapter 5 I report for the first time
on the timing properties of this super-bright state. There are currently no physical
models to explain these properties.
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Discovery of a broad iron line in the

black-hole candidate Swift
J1753.5−0127, and the disc emission in

the low/hard state revisited1

—B. Hiemstra, P. Soleri, M. Méndez, T. Belloni, R. Mostafa & R. Wijnands—

Intuition is the source of scientific knowledge.
— Aristotle—

Abstract: We analysed simultaneous archival XMM-Newton and Rossi X-ray
Timing Explorer observations of the X-ray binary and black hole candidate Swift
J1753.5−0127. In a previous analysis of the same data, a soft thermal component
was found in the X-ray spectrum, and the presence of an accretion disc extending
close to the innermost stable circular orbit was proposed. This is in contrast with
the standard picture in which the accretion disc is truncated at large radii in the
low/hard state. We tested a number of spectral models and found that several
of them fit the observed spectra without the need of a soft disc-like component.
This result implies that the classical paradigm of a truncated accretion disc in the
low/hard state cannot be ruled out by these data. We further discovered a broad
iron emission line between ∼5 and ∼9 keV in these data. From fits to the line
profile we found an inner disc radius between ∼6 and ∼16 gravitational radii,
which can be in fact much larger, up to ∼250 gravitational radii, depending on
the model used to fit the continuum and the line. We discuss the implications of
these results in the context of a fully or partially truncated accretion disc.

1Originally published inMonthly Notices of the Royal Astronomical Society, vol. 394, p. 2080 (2009)
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2.1 Introduction

Swift J1753.5−0127 (hereafter Swift J1753) was discovered with the Swift Burst Alert
Telescope on June 30 2005 as a hard X-ray source (E > 15 keV; Palmer et al. 2005).
Swift J1753 was also detected at energies below 10 keV with the Swift X-Ray Tele-
scope (XRT), and in the UV with the Swift UV/Optical Telescope (Morris et al. 2005;
Still et al. 2005). Using optical spectroscopy, Torres et al. (2005) found double-peaked
Hα emission lines, which indicate that the system is a low-mass X-ray binary. The
source was also detected in radio, which might be evidence of jet activity (Fender
et al. 2005; Cadolle Bel et al. 2006). Based on the hard spectral behaviour, Cadolle
Bel et al. (2005) proposed that Swift J1753 is a black hole candidate. Although it is
generally assumed that Swift J1753 contains a black hole, there is yet no dynamical
confirmation of its nature. Bearing this in mind, in the rest of this chapter we treat
Swift J1753 as a black hole candidate (BHC).
Rossi X-ray Timing Explorer (RXTE) and INTEGRAL observations showed that

Swift J1753 never left the low/hard state (LHS) during the whole outburst (Cadolle
Bel et al. 2007; Zhang et al. 2007). The low/hard state of X-ray binaries is charac-
terized by a hard power-law X-ray spectrum (photon index, Γ ≃ 1.7; e.g. Méndez &
van der Klis 1997; Remillard &McClintock 2006), which is usually interpreted as the
result of Comptonization of thermal photons from an optically thick accretion disc
by hot electrons (e.g. Esin et al. 1997). Observations of sources with low absorption
provide evidence that in the LHS the accretion disc is cool and is truncated at a large
radius (e.g. McClintock et al. 2001). In the last years, a contribution of a jet to the
X-ray emission in the LHS has been considered (Markoff et al. 2001; Fender et al.
2004).
During an outburst, the mass accretion rate on to the black hole increases and a

transition to the high/soft state (HSS) can occur (for reviews see Homan & Belloni
2005; McClintock & Remillard 2006). The HSS is dominated by thermal emission
below∼5 keV, likely produced by an optically thick and geometrically thin accretion
disc with an inner radius at, or close to, the innermost stable circular orbit (ISCO;
Shakura& Sunyaev 1973). Due to the increase of thermal photons, the Comptonizing
plasma in the system cools down and the spectrum of the source becomes soft. A part
of the Comptonized photons is reflected off the accretion disc, and produces an iron
Kα line between∼6 and 7 keV (e.g. Fabian et al. 1989; Laor 1991), where the width of
the emission line is related to the size of the inner disc radius. In this interpretation,
if the disc is truncated at large radii in the LHS, no or narrow iron-emission lines
are expected, whereas the iron line would be broad in the HSS where the inner disc
radius is close to the ISCO and the relativistic effects are strong.
Recent high-resolution spectral data of the BHC X-ray binaries Swift J1753, GX

339−4 and XTE J1817−330, showed a soft thermal component in the spectra while
the sources were in the LHS (Miller et al. 2006a, hereafter M06; Miller et al. 2006b;
Rykoff et al. 2007). It was suggested that the soft component is caused by thermal
emission from an accretion disc which, even in the LHS, extends down to the ISCO.
The same data set of XTE J1817−330was re-analysed by Gierliński et al. (2008), who
showed that the spectrum could also be fit without the need of a thermal component.
Here, we analysed a simultaneous archivalXMM-Newton/RXTE and Swift/RXTE

observations of Swift J1753 (the same data as reported in M06), and tested whether
a thermal disc-like component is required to fit the X-ray spectra. We explored a
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Fig. 2.1: RXTE/ASM light curve of Swift J1753 with daily points, starting at the outburst
in 2005 (MJD 53551). The XMM-Newton/RXTE observation, ∼270 days after the start of the
outburst, is represented by the vertical bar. Note that 3 years after the start of the outburst, the
source is still active.

range of continuummodels, beyond the models described in M06, with and without
a disc component. We also report on the presence of a broad Fe line in the spectra.
In Section 2.2 we describe the extraction and reduction of the data, in Section 2.3 we
present the results of fitting the data with different continuum models and in Sec-
tion 2.4 we discuss the results of the continuum models and the line components
with respect to the issue of a radially truncated accretion disc.

2.2 Data reduction

We analysed archival observations of Swift J1753 simultaneously taken with XMM-
Newton and RXTE on 2006 March 24, i.e. ∼270 days after the start of the outburst.
XMM-Newton started its ∼42 ks observation at 16:00:31 (UT), and the RXTE obser-
vation started at 17:32:16 (UT). In Fig. 2.1 we show the date of this observation on
top of the All Sky Monitor (ASM) RXTE light curve of Swift J1753, starting from its
outburst in 2005. In the next sections we describe the procedure that we followed to
extract the spectra for each of the different telescopes.

2.2.1 XMM-Newton

We reduced the XMM-NewtonObservation Data Files (ODF) using SAS version 7.1.2
andwe applied the latest calibration files. We extracted the event files from the Euro-
pean Photon Imaging Camera (EPIC) instruments: the EPIC-pn (hereafter PN) and
both EPIC-MOS cameras (MOS1 and MOS2) using the tasks epproc and emproc,
respectively. We applied standard filtering and examined the light curves for back-
ground flares. No flares are present andwe used thewhole exposure for our analysis.
We checked the filtered event files for photon pileup by running the task epatplot.
No pileup is apparent in the PN and MOS1 data since both cameras were operated
in ‘timing’ mode. The MOS1 data, however, show a sharp drop in the histogram in
which counts versus RAWX2 are plotted. This feature is due to a physical damage

2In timing mode, one of the spatial coordinates of the CCD is compressed in order to increase the time
resolution. For XMM-Newton the spatial coordinate that is not compressed in this mode is called RAWX.
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of some pixels in the MOS1 camera as a consequence of a micrometeorite impact.
For this reason, we excluded the MOS1 data from our analysis. The MOS2 camera
was operated in ‘full-frame’ mode and suffered from moderate photon pileup. We
therefore excluded the central 22-arcsec region of the source point spread function
(PSF) and confirmed, using the task epatplot, that the remaining MOS2 data are
not affected by pileup. The ODF files also include high-resolution Reflection Grating
Spectrometer (RGS) spectra at energies below 2 keV, and as the PN and MOS cam-
eras cover most of the range of the RGS spectra, we do not use the RGS data in this
chapter.
We extracted source and background spectra applying the standard procedures.

The source spectrum for the PN data is extracted using RAWX in [28:48], and the
background in [5:25]. For MOS2, we generated the source spectrum using an annu-
lus with inner radius of 22 arcsec and outer radius of 68 arcsec centered on the source
location. We extracted the MOS2 background spectrum from a circular region with
a radius of 160 arcsec located 10.5 arcmin away from the position of the source. We
created photon redistributionmatrices and ancillary files for the source spectra using
the SAS tools rmfgen and arfgen, respectively.
We rebinned the source spectra using the tool pharbn3 (M. Guainazzi, private

communication), such that the number of bins per resolution element of the PN and
MOS2 spectra is 3. We checked that after rebinning, all channels have at least 15
counts in the energy range used in our fits. We note that differently from us, M06
grouped the PN data to have at least 10 counts per bin, and they therefore oversam-
pled the intrinsic resolution of the PN data by a factor of ∼8. The cross calibration
between PN and MOS agrees to 7% from 0.4 to 12 keV4, and we found that only
below 2 keV the systematic difference in the relative effective areas of these cameras
went up to 7%. We therefore added a 7% systematical error to the PN and MOS2
spectra below 2 keV.

2.2.2 RXTE

We reduced the RXTE Proportional Counter Array (PCA) and High Energy X-ray
Timing Experiment (HEXTE) data using the HEASOFT tools version 6.4. We applied
standard filtering and obtained PCA and HEXTE exposures which are ∼2.3 ks and
∼0.8 ks, respectively. Using the tool saextrct, we extracted PCA spectra from
PCU2 only, being this the best-calibrated detector and the only one which is always
on. For the HEXTE data we generated the spectra using cluster-B events only, since
after January 2006 cluster A stopped rocking and could no longer measure the back-
ground. We estimated the PCA background and measured the HEXTE background
using the standard RXTE tools pcabackest and hxtback, respectively. We fur-
ther built instrument response files for the PCA and HEXTE data using pcarsp and
hxtrsp, respectively. The energy channels of the RXTE spectra have more than 20
counts per energy bin so that χ2 statistics can be applied, therefore no channel re-
binning is required. Following M06, we added a 0.6% systematic error to the PCA
spectra using the FTOOL grppha, and we did not add any systematic error to the

3The pharbn tool allows to rebin the energy channels of the spectra for different instruments taking
into account the instrument’s spectral resolution. It allows to rebin both on minimum number of bins per
resolution element and on minimum number of counts per bin
4http://xmm2.esac.esa.int/docs/documents/CAL-TN-0018.pdf
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HEXTE data.

2.3 Data analysis and results

For our spectral analysis of Swift J1753 we used XSPEC v11 (Arnaud 1996). We si-
multaneously fit the spectra of the different instruments, where we restricted the PN
and the MOS2 spectra to an energy range of 0.6–10 keV and 0.6–9.4 keV, respectively.
For the PCA and HEXTE spectra we used the energy ranges 3–20 keV and 20–100
keV, respectively. To investigate the nature of the putative disc emission in the LHS
(as reported in M06), we tested several models to describe the continuum spectrum
of Swift J1753.

2.3.1 General fit procedure

Each of the spectral continuum models we present in this chapter includes the effect
of interstellar absorption in the direction of Swift J1753, using the PHABS compo-
nent with cross-sections from Balucinska-Church & McCammon (1992) and abun-
dances from Anders & Grevesse (1989). The total column density in the direction of
the source, as derived from HI data, is NH = 1.7 × 1021 cm−2 (Dickey & Lockman
1990). Since this column density provides an upper limit to the interstellar absorp-
tion to Swift J1753, we left NH free to vary during our fits. For an overall normal-
ization between the different instruments, we multiplied the continuum model by a
CONSTANT component. All model parameters, except these multiplicative constants,
were linked between the different instruments.

In the fit residuals of the PN andMOS2 data, two narrow absorption lines near 1.8
keV and 2.2 keVwere present. This is most likely due to amismatch in the calibration
of the edges in the EPIC instruments. To reduce the impact of these features in our
fit results, we fit Gaussian absorption lines, which we found to be at an energy of
1.82±0.01 and 2.25±0.03 keV, with widths of 0.23±0.15 and 2.0±1.9 eV, respectively.
There appears to be a broad emission line between 6 and 7 keV in the XMM-

Newton/RXTE spectra. (This emission line is best seen in the PN spectra; MOS2 ef-
fective area is a factor of ∼2 smaller than that of PN, and in this case the effective
area has been reduced due to the excision of the central part of the source PSF to
avoid pileup. On the other hand, the spectral resolution of RXTE is∼1 keV at 6 keV.)
Similar emission lines, probably due to iron, have been reported in other BHC (e.g.
Miller et al. 2002b) and active galactic nuclei (e.g. Tanaka et al. 1995). We initially
added a Gaussian component with a variable line width to the spectrum to fit this
line, but there always remained residuals around 7 keV which we could only elim-
inate by adding at least another Gaussian to our model. On the contrary, a LAOR
profile (Laor 1991) yields a good fit of the line and, therefore, in the rest of this chap-
ter we use this relativistic line profile whenever we fit a line to the spectra, although
we also tried different relativistic line profiles as described in Section 2.3.8. For the
LAOR component we allowed all the parameters to be free to vary, except the outer
disc radius, which we fixed to the default value of 400 Rg (Rg is the gravitational
radius of the black hole, defined asRg = GM/c2, with G and c the common physical
constants, andM the mass of the black hole). Further, we constrained the line energy
to the range between 6.4 and 7 keV, which is the energy range spanned by the Kα
lines from neutral to hydrogen-like iron.
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For all fits of the different continuum models, the values of the parameters and
the 90% confidence errors are given in Table 2.1. In the text we only give approximate
numbers of the parameters.

2.3.2 A power-law model

The first continuum model we fit was a power-law model (PL). This model yields a
poor fit (χ2/ν = 845/502). Following M06, we added a disc blackbody component
DISKBB (Mitsuda et al. 1984) with a best-fitting inner disc temperature of ∼0.4 keV;
the reduced χ2 in this case is 1.21 (χ2/ν are given in Table 2.1). The spectra and fit
residuals of the PL+DISKBB model are shown in the left panel of Fig. 2.2. A broad
emission line between 6 and 7 keV is apparent in this figure. We added a LAOR line
profile to the PL+DISKBB model and the fit improved significantly, with a reduced
χ2 of 1.14. To check whether a fit to the spectrum with only a line and a power-law
component provides a good fit, we fit a PL+LAOR model, without the DISKBB com-
ponent. The PL+LAOR model gives a reduced χ2 of 1.30. In the best-fitting model
(i.e. the PL+LAOR+DISKBB model), the line is required at high confidence as indi-
cated by the fact that the normalization of the line is 10σ different from zero. The
line in the best-fitting model has an equivalent width of 90.3 eV, and the DISKBB
component is required at a confidence level of more than 8σ. The flux of the DISKBB
component is 7.2×10−12 erg cm−2 s−1 (0.6–10 keV), where the unabsorbed flux of the
best-fitting model is 3.9×10−10 erg cm−2 s−1 (0.6–10 keV). We note that the DISKBB
normalization that we obtained is much smaller than the value that M06 found, and
the contribution from the disc to the total flux that we found is a factor of ∼3 less
than reported in M06.

In case the distance, the disc inclination angle, and the black hole mass are known,
the inner disc radius,Rin can be obtained from the DISKBB normalization,ND. How-
ever, for the case of Swift J1753, these parameters are currently not known. Assum-
ing that the source is closer than 10 kpc and has an inclination lower than 63◦, since
eclipses are not yet reported, Rin . 1.48

√
ND km. Assuming a black hole mass > 3

M⊙, Rin < 0.33
√

ND Rg. From the DISKBB normalization we found a non-truncated
disc, while inferred from the line profile we found Rin ≃ 15 Rg. For an inclination
angle > 85◦, as determined from the line profile, Rin can become much larger.

2.3.3 Cut-off power-law model

Next, we added a high-energy cut off to the power-law component. In case we let all
the parameters free, the high-energy cut off became larger than 200 keV. Since this
value is outside the energy range of the spectra, this component is effectively the
same as the simple power law. We therefore did not explore this model further.

2.3.4 Broken power-law model

The next continuummodel we tried is based on a broken power law (BKNPL) instead
of a power law. The fit of the BKNPL model gives already a reasonable fit with a
reduced χ2 of 1.20, which is similar to the value for the fit with a PL+DISKBB model.
The break energy is at 2.9 keV, with a photon index of 1.7 before the break, and 1.6
after the break. The latter photon index is similar to the photon index of the power-
law component in the PL+DISKBB model.
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Fig. 2.2: XMM-Newton PN (0.3–10 keV), MOS2 (0.3–9.4 keV), RXTE PCA (3–20 keV), and
HEXTE (20–100 keV) spectra of Swift J1753, with the subpanels showing the best-fitting resid-
uals when using a PL+DISKBBmodel (top) and a PL+LAOR+DISKBBmodel (bottom). The LAOR
line profile is fit to the broad emission line that is apparent in the spectra at around 7 keV.

A LAOR component added to this continuum model gives a reduced χ2 of 1.14,
where the break energy and photon indices are consistent with those in the fit with-
out the line. We note that the BKNPL+LAORmodel fits the spectra equally well as the
PL+LAOR+DISKBB model does, with the parameters of the LAOR component being
consistent between the two models. The normalization of the line is more than 3σ
different from zero.

To see whether a soft thermal component is required, we included a DISKBB com-
ponent to the model. The fit with a BKNPL+LAOR+DISKBB model gives a reduced χ2

of 1.12, which is a marginal improvement of the fit without the DISKBB component.
In contrast with the LAOR component, the DISKBB component is not significant, with
a normalization that is < 3σ different from zero. The normalization of the line is 6σ
different from zero for the BKNPL+LAOR+DISKBB model. The line in the best-fitting
model (i.e. BKNPL+LAOR) has an equivalent width of 67.5 eV.

We note that the part of the power law before the break at∼3 keV possibly affects
the contribution of the disc blackbody, and that therefore the DISKBB component
in the broken power-law model is not as significant compared with the continuum
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model based on a power law without a break.

2.3.5 Comptonization model

We then replaced the BKNPL component with a model that describes the hard emis-
sion as Comptonization of soft photons in a hot plasma (COMPTT; Titarchuk 1994).
Using a disc geometry for the Comptonizing material, the COMPTT model gives a
poor fit (χ2/ν = 753/500). A spherical geometry does not provide a good fit either.
Adding a LAOR component gives a reduced χ2 of 1.34, with the normalization of the
line being more than 7σ different from zero.

The COMPTT+LAOR+DISKBB model gives a reduced χ2 of 1.15, with an inner disc
temperature of ∼0.4 keV and a DISKBB normalization that is > 3σ different from
zero. The line in the best-fitting model has an equivalent width of 59.9 eV, with a
line normalization that is > 4σ different from zero. We note that the seed photon
temperature of the COMPTT component becomes more than 10 times smaller than
in the case when no DISKBB is added to the continuum. The 0.6–10 keV flux of this
three-component model is 3.9×10−10 erg cm−2 s−1, whereas the flux of the DISKBB
component is 8.9×10−12 erg cm−2 s−1.

2.3.6 Reflection models: PEXRAV and PEXRIV

The presence of a broadened Fe-emission line near 6–7 keV suggests that the X-ray
emission may partly be due to reflection of hard X-rays by a relatively cool disc.
We therefore explored fits to the data that include this reflection. We first used the
PEXRAV and PEXRIV models, which describe the Compton reflection by neutral and
ionized material, respectively (Magdziarz & Zdziarski 1995).

In these reflection models, the incident spectrum is assumed to be a power law
with a high-energy cut off. Initially, we allowed this cut-off energy to be free to vary,
but it always converged to values much higher than 200 keV, outside the energy
range covered by our instruments, and we therefore used no cut off. Further, we
fixed all abundances to solar and the reflection factor to 1. Compared to PEXRAV, the
PEXRIV model has two extra parameters: The ionization parameter ξ, which we left
free to vary, and the disc temperature, kTdisc, which we fixed to the default value of
3×104 K.

The fits with the PEXRAV and PEXRIV models give a reduced χ2 of 1.38 and 1.30,
respectively. The PEXRAV/PEXRIV models include only the effect of bound-free tran-
sitions in the reflected spectrum. To account for the iron emission line at around 7
keV (caused by bound-bound transitions), we added a separate LAOR component
to the reflection models. The spectral fits improved significantly, with a reduced χ2

of 1.19 and 1.18 for the PEXRIV+LAOR and PEXRAV+LAOR models, respectively. The
normalization of the line is 9σ different from zero in the fit with PEXRAV, and 8σ
different from zero in the fit with PEXRIV. The equivalent width of the line is 181 eV
and 187 eV in the PEXRAV+LAOR and PEXRIV+LAOR models, respectively.

Adding a DISKBB component to the reflection plus line model gives a reduced χ2

of 1.14 for both models, with a best-fitting disc temperature kTin of 0.3 keV and 0.4
keV for the neutral and ionized models, respectively. The DISKBB component is sta-
tistically not required in the PEXRAV+LAOR+DISKBB model, with a DISKBB normal-
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ization that is < 3σ different from zero. In contrast, for the PEXRIV+LAOR+DISKBB
model the DISKBB normalization is 7σ different from zero. The flux of the DISKBB
component is 5.1× 10−12 erg cm−2 s−1 and 5.5× 10−12 erg cm−2 s−1 (0.6–10 keV) for
the neutral and ionized reflection models, respectively.

2.3.7 Ionized reflection model: REFLION

Since PEXRAV and PEXRIV do not include the contribution of bound-bound transi-
tions to the reflected spectrum, we also fit the data with a model that describes the
reflection by an ionized, optically thick, illuminated atmosphere of constant den-
sity (REFLION; Ross & Fabian 2005). The atmosphere is illuminated by a power-law
spectrum with an exponential cut off at high energy (the cut-off energy is fixed at
300 keV, and hence outside our energy range). This model includes ionization states
and transitions for the most important ions at energies above 1 eV, like O III–VIII, Fe
VI–XXVI, and several others. We fixed the iron abundance to solar. REFLION only
provides the reflected emission, not the direct component, and we therefore used
the REFLION+PL model to fit the spectra, where we coupled the photon index of the
illuminating power-law component in REFLION to the photon index of the PL.

The REFLION+PL model gives a reduced χ2 of 1.14. In this case, we do not need
to include a component to fit the line, since the line is part of the reflected emission.
The unabsorbed flux of this two-component model is 3.9×10−10 erg cm−2 s−1 (0.6–10
keV), where the flux of the power-law component is 3.0×10−10 erg cm−2 s−1 (0.6–10
keV). The reflection ratio in the 0.6–10 keV energy range is 0.3. Statistically, a DISKBB
component is not required to fit the data; adding this component gives a reduced χ2

of 1.13 with a best-fitting temperature kTin of 0.4 keV and a DISKBB normalization
which is less than 3σ different from zero. The 95% confidence limits for the DISKBB
component imply a disc flux < 6.1 × 10−12 erg cm−2 s−1 (0.6–10 keV).

To gain information about the disc radius, we convolved REFLION with the KER-
RCONV component (Brenneman& Reynolds 2006). The KERRCONV kernel is applied
to the reflected component to account for relativistic effects in the disc. We fixed the
two emissivity indices to 3 (i.e. similar to the index that we found in the line profile)
and the break radius to a large value (this is equivalent to a single emissivity law
for the whole disc). We further fixed the outer radius of the disc to its maximum
value. We found that the spin of the black hole is not constrained by these data, and
since we are testing for the possibility of a truncated disc at a distance that is much
larger than the radius of the ISCO, we fixed the spin to its maximum value of 0.998
and left the inner radius of the disc free to vary. This allows the disc radius to float
from ∼1.23 Rg to its maximum value. We checked that fixing the spin to zero did
not change the results significantly. In summary, we allowed only two parameters
of KERRCONV to be free: The inner radius of the disc, and the inclination of the disc
with respect to the line of sight. The (REFLION+PL)∗KERRCONV gives a reduced χ2

of 1.13, with an inner disc radius of 256 Rg, an inclination angle consistent with 0
◦,

and the rest of the parameters consistent with the model parameters without the
KERRCONV kernel.
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Fig. 2.3: In the various continuummodels fit to the XMM-Newton/RXTE spectra of Swift J1753,
a broad Fe emission line is apparent between ∼5 and ∼9 keV. Here, we show a zoom in of the
PN residuals in the fit with the PL+LAOR+DISKBBmodel. To show the broad emission line, we
have set the normalization of the line to zero, and applied an additional rebinning to the plot.

2.3.8 The broad iron line in Swift J1753

In previous sections we included a LAOR component to the continuum model to fit a
broad line at around∼7 keV. The line is significantly required by the fit, as indicated
by the fact that the normalization of the line is different from zero at a confidence
level of 3σ–14σ, depending on the model we used to fit the continuum. As shown in
the right-hand panel of Fig. 2.3, the line is extending from ∼5 up to ∼9 keV, with an
equivalent width of ∼60–187 eV, depending on the continuum model used to fit the
spectrum.

The best-fitting parameters of the line depend on the model that we used to rep-
resent the underlying continuum emission. For instance, for the different best-fitting
models in Table 2.1, the inner disc radius varies from 5.5 to 14.6 Rg and the incli-
nation appears to be constrained to high values, i > 85◦. Such a high inclination
seems to be incompatible with the fact that no eclipses have been observed in the
X-ray light curve of Swift J1753. A possible explanation for this high inclination is
that the broad line that we observe is a combination of lines frommore than one ion-
ization stage of iron. We tested this by adding three LAOR profiles to the PL+DISKBB
model as described in Section 2.3.2, with the energy of each line fixed at 6.4, 6.7 and
6.97 keV, respectively, to account for possible emission from neutral and lowly ion-
ized, He-like, and H-like iron, respectively. We further coupled all the remaining
parameters of these three lines, with only the line normalizations left free to vary.
This multiple-line model gives a reduced χ2 of 1.14, with the 95% confidence lim-
its of the inclination angles 83◦ and 86◦, and the line normalizations of the 6.4 keV
and 6.7 keV lines being consistent with zero. A more realistic approach would be to
link the relative normalizations of the iron lines such that their ratios would be deter-
mined by the ionization balance in the disc. We note that the REFLION component, as
described in Section 2.3.7, self-consistently calculates the relative intensities of lines
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from different ionization stages of all elements in the reflected spectrum by fitting
the ionization parameter of the disc. Recall that the fits of the REFLION component
convolved with KERRCONV in Section 2.3.7 yield a large inner disc radius (∼250 Rg)
and a low inclination angle (i < 8◦ at 95% confidence level).

The exact values of the line parameters may also depend on the approximations
done to calculate the relativistic profile of the line. To test this, we tried three other
components, besides the LAOR profile, to represent the line profile: DISKLINE (Fabian
et al. 1989), KERRDISK (Brenneman & Reynolds 2006) and KYRLINE (Dovčiak et al.
2004). We only applied these components to the PL+DISKBB model, such that we ei-
ther fit PL+DISKBB+DISKLINE, PL+DISKBB+KERRDISK or PL+DISKBB+KYRLINE. For
all three models, we left the inner radius of the disc, the inclination and the line en-
ergy free to vary, although the line energy was constrained to range between 6.4 and
7 keV. We further assumed a disc with a single emissivity index which we fixed to 3.
For the models with KERRDISK and KYRLINE, we fixed the spin of the black hole to
0.998. The results are unaffected if we fix the spin of the black hole to zero. As de-
termined from these relativistic line profiles, the inclination of the disc is 89.9◦ (with
a 95% confidence lower limit of 69.7◦), 90◦ (with a 95% confidence lower limit of
89◦), and 77.6◦, (with the 95% confidence limits of 64.6◦ and 86.1◦), for the DISKLINE,
KERRDISK, and KYRLINE profiles, respectively. For comparison, for the LAOR profile
we found a 95% confidence lower limit for the inclination of ∼84◦ (see Table 2.1).
The value of the inner disc radius inferred from the line profile also depends

somewhat on the model that we used to describe the line. For instance, using the
PL+DISKBB+LAOR model gives Rin = 14.6 Rg, with a 95% confidence upper limit of
19.7 Rg (see Table 2.1). For the PL+DISKBB+DISKLINE model we find Rin = 11.7 Rg,
with a 95% confidence range of 6.2–15.5Rg, whereas the PL+DISKBB+KERRDISK and
the PL+DISKBB+KYRLINE model give Rin = 1.9 Rg, with a 95% confidence range of
1.7–3.8 Rg, and Rin = 15.5 Rg, with a 95% confidence range of 11.8–20.1 Rg, respec-
tively.

We note that we used here the same data as those used by M06, and our analysis
is similar to theirs; while herewe report on a broad iron emission line with an equiva-
lent width of∼90 eV. Using the same continuummodel, M06 reported an upper limit
of 60 eV for the Fe line. We repeated the analysis of Swift J1753 where we applied
the same spectral resolution used by M06 (a minimum of 10 counts per bin), and si-
multaneously fit the PN, PCA and HEXTE spectra with a DISKBB+PL model affected
by absorption. We found best-fitting parameters and reduced χ2 values consistent
with those in M06. We then added a LAOR component to the model with the same
parameter settings as described in Section 2.3.1. The DISKBB+PL+LAOR model gives
χ2/ν = 2003/1951with the line parameters consistent with those that we found. The
line has a normalization that is more than 6σ different from zero, and an equivalent
width of 73.5 eV which is, within the confidence limits, consistent with the 90 eV
measurement that we report.

2.4 Discussion

We analysed simultaneous observations of Swift J1753 in the LHS taken with XMM-
Newton and RXTE in March 2006. At variance with the results of M06, we can suc-
cessfully fit the X-ray spectrum of Swift J1753 with continuum models that do not
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require emission from a prominent disc extending down to the ISCO. Models in-
cluding emission from a disc component, as proposed by M06, are also consistent
with the data, although for those models where the disc component is required we
found that the flux of the disc is a factor of 2 to 3 less than in the analysis of M06.
Regardless of the continuum model, we found a broad iron line at around 7 keV
with an equivalent width of 60–187 eV, depending on the model. If the line is from
a single ionization stage of iron and the broadening is due to relativistic effects near
the black hole, then the line profile implies an inner disc radius between ∼2 and
∼16 Rg, depending on the relativistic line profile (i.e. LAOR, DISKLINE, KERRDISK
or KYRLINE), or the model used to fit the continuum. The inner disc radius can be
larger if the width of the line results from the combination of lines from different
ionization stages of iron, with each of these lines being broadened by relativistic ef-
fects. In fact, a model of reflection from an ionized disc that calculates the strength
of all relevant lines self-consistently, convolved with a kernel that accounts for the
relativistic effects close to the black hole, yields an inner disc radius of 256 Rg, with
a 95% confidence lower limit of 246 Rg.

To get a better insight in the accretion disc geometry there are several factors that
must be considered. We know that black hole binaries show two basic states, the
LHS and the HSS (see e.g. Tananbaum et al. 1972), with transitions in between these
states (see e.g. Homan & Belloni 2005; McClintock & Remillard 2006). The X-ray
emission in the HSS is dominated by a thermal component which is usually iden-
tified as emission from the accretion disc. In this state, the inner radius of the disc,
Rin, appears to remain constant despite large changes of the disc flux (e.g. Tanaka
& Lewin 1995; Mendez et al. 1998). Tanaka (1992) interpreted this lack of change in
Rin as a signature of the innermost stable orbit around a black hole. The black hole
spectra in the LHS are dominated by emission from a power-law like component; in
those cases where the interstellar absorption towards the source is low, a soft com-
ponent with a low temperature (. 0.5 keV) appears to be present in the spectrum
(e.g. XTE J1118+480; McClintock et al. 2001). This component has been interpreted
as due to a cool accretion disc truncated at a large radius (e.g. Chaty et al. 2003). This
picture is strengthened by the fact that during transitions from the HSS to the LHS
the radius of the disc increases with a decreasing disc temperature (Gierliński et al.
2008), suggesting that the disc recedes and cools down during the transition. Other
sources show a similar behavior (e.g. Kalemci et al. 2004), but since the inferred tem-
peratures of the disc are below ∼0.3–0.5 keV, interstellar absorption and inadequate
coverage of the low-energy part of the spectrum make some of those results less se-
cure. Changes of characteristic frequencies in the power density spectra of BHCs
during state transitions (e.g. Méndez & van der Klis 1997; Homan & Belloni 2005)
also seem to support the idea of a receding disc, although in this case there is no
clear-cut explanation about the origin of the variability (see the discussion in M06),
and hence the evidence is less compelling.

The picture of an accretion disc truncated at large radii in the LHS is also expected
in some models. For instance, in the advection-dominated accretion-flow (ADAF)
model in which the accretion flow is divided into two zones: A geometrically thin,
optically thick accretion disc with a large inner radius, and a vertically extended
inner region, the ADAF region, which is hot and optically thin and radiates less
efficiently (Narayan et al. 1996; Esin et al. 1997; see Narayan & McClintock 2008 for
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a review). This model has been successfully applied not only to sources in the LHS,
but to quiescent sources as well (Narayan et al. 1996). Some recent work (Meyer
et al. 2007; Liu et al. 2007a) suggests, however, that a part of the ADAF material may
recondense back into a disc, but the contribution of this condensed disc to the total
X-ray luminosity would be small (Taam et al. 2008).

In the last five years, XMM-Newton and Chandra revealed relatively broad iron
emission lines of BHCs with profiles that are consistent with being broadened by
relativistic effects near the black hole (see Miller 2007, for a review). These broad
iron lines are generally detected in the HSS (e.g. GRO J1655−40; Bałucińska-Church
& Church 2000; XTE J1650−500; Miller et al. 2002b; GX 339−4; Miller et al. 2004a;
Dunn et al. 2008), in which the disc is thought to extend down to the ISCO (as de-
scribed before), and the relativistic effects are therefore strong. Broad iron emission
lines, consistent with a disc extending close to the ISCO, were also detected in GX
339−4 in the LHS (Miller et al. 2006b), and in V4641 Sgr when the source was in
an intermediate state (Miller et al. 2002a). We found a broad iron line in the XMM-
Newton/RXTE spectrum of Swift J1753, making it only the second case of a BHC in
the LHS state showing such a broad line. A relativistic broadened iron line in this
black hole state would be in contradiction with the standard scenario as described
above, in which the disc is truncated at very large distances from the black hole.

This contradiction appears to be resolved by recent studies of the BHCs Swift
J1753, GX 339−4 and XTE J1817−330 (M06; Miller et al. 2006b; Rykoff et al. 2007) that
reveal the possible existence of soft emission below ∼2 keV in these systems. This
emission has been interpreted by these authors in terms of a prominent accretion disc
in the LHS, with temperatures of 0.2–0.3 keV, and inner disc radii of ∼2–6 Rg. The
idea of a cool disc extending all the way down to the ISCO in the LHS has recently
been challenged by Gierliński et al. (2008) for the case of XTE J1817−330 and by
D’Angelo et al. (2008) for the cases of Swift J1753 and GX 339−4. These authors
pointed out that a truncated disc would be affected by irradiation from the same
Comptonized photons that produce the high-energy emission, and would therefore
appear to be hotter and a have smaller radius than in the non-irradiated case. This
effect was not taken into account in the fits of M06, Miller et al. (2006b), or Rykoff
et al. (2007). Gierliński et al. (2008) fit the Swift spectra of XTE J1817−330 with a
simplified model that accounts for irradiation, and they find that if this effect is not
considered, the inner disc radius is underestimated by a factor of 2–3. D’Angelo et al.
(2008) analysed the case of an ADAF flow inside a truncated accretion disc and, from
qualitative fits to the X-ray spectra of Swift J1753 and GX 339−4, they conclude that
reprocessing of hard photons by a truncated disc would mimic a soft disc extending
down to very small radii.

Using the same data as analysed by M06, we found that there are realistic mod-
els that fit the X-ray spectrum of Swift J1753 without the need of a thermal disc-like
component extending down to very small radii. We point out that for our fits we
do not consider the effect of possible irradiation of the disc by high-energy Comp-
tonized photons (Gierliński et al. 2008; D’Angelo et al. 2008). We can calculate the
magnitude of this effect by noting that in the case of the REFLION+PL model only
∼30% of the power-law flux is reflected off the accretion disc, and therefore the re-
maining ∼70% of this flux must be thermalized and re-emitted by the disc. From
our results we deduced that the disc flux due to this irradiation would have to be∼2
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×10−10 erg cm−2 s−1 (0.6–10 keV). However, in the fit with the REFLION+PL model
we did not detect emission from the accretion disc, with an upper limit that is a fac-
tor ∼25 less than what is expected. Gierliński et al. (We note that the discrepancy is
even larger given that one should also include the intrinsic -gravitational- disc flux;
see 2008, .) This is a challenge to the interpretation of the Fe emission line as due to
reflection.

In the case of GX 339−4, Tomsick et al. (2008) found that the disc component is
significantly required to fit the LHS spectra at luminosities of 2.3 and 0.8% of the
Eddington luminosity, a factor of ∼2 and ∼7 below the luminosities as probed by
Miller et al. (2006b) for the same source. Tomsick et al. (2008) found inner disc radii
of ∼4 Rg; however, following the results of Gierliński et al. (2008) and D’Angelo
et al. (2008), their values would probably increase by a factor of ∼2–3 if irradiation
of the disc by the Comptonized emission was considered. Tomsick et al. (2008) also
detected broad features due to iron Kα in the LHS of GX 339−4; their results indicate
that if the width of the line is produced by relativistic effects in the disc, then the line
must originate from within 10 Rg of the black hole.

In this chapter we used relativistic line profiles to fit the broad emission line at
around 7 keV, although one should bear in mind that there are alternative models
that explain the width and the profile of the iron Kα line without the need of rel-
ativistic effects. For instance, Laurent & Titarchuk (2007) proposed a model that
explain the properties of the iron line in terms of downscattering of hard photons in
a Comptonizing outflow with optical depth greater than 1. Done & Gierliński (2006)
applied a similar model to fit BeppoSAX data of the galactic BHC XTE J1650−500.
They found that the line at around 7 keV in the spectrum of a bright LHS observation
can either be fit with a model including extreme relativistic effects, or by resonance
iron K-line absorption from an outflowing disc wind and an emission line that is
compatible with a truncated disc. On the other hand, Różańska & Madej (2008) cal-
culated atmosphere models for an accretion disc around a supermassive black hole
irradiated by a hard X-ray power law, and they found that the observed spectrum
contains a Compton shoulder that can contribute to the asymmetry and equivalent
width of some observed Fe Kα lines in active galactic nuclei. One should also take
into account that, as we have shown here, the best-fitting profile of the line depends
on the underlying continuum assumed to fit the data, which adds extra uncertainties
to the inferred parameters of the disc.

2.5 Conclusions

We have shown that the X-ray spectrum of Swift J1753 can be fit with a continuum
model that does not require a disc-like component, and inferred from the line profile
the disc does not extend down to the ISCO, but it is consistent with a disc truncated
at a few to a few hundred gravitational radii. However, as demonstrated byM06, the
data of Swift J1753 also allow for fits with models in which the disc is truncated at
radii close to the ISCO, although irradiation of the disc by the Comptonized emission
may affect this picture (Gierliński et al. 2008; D’Angelo et al. 2008). We found that in
those cases where a disc-like component was required, the contribution of the disc to
the total flux is a factor of 2 to 3 times less than the flux contribution that M06 found
for the disc component.
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We have detected a broad iron line in the spectrum of Swift J1753. The inner ra-
dius of the disc deduced from fits to the line, using a LAOR profile, seems to suggest
a disc extending down to 5.5–12.5 Rg, for the best-fitting models. Fits with differ-
ent relativistic line profiles suggest somewhat larger inner disc radii, up to ∼16 Rg

(DISKLINE and KYLINE), or lowerRin, down to∼2Rg (KERRDISK), whereas reflection
models smeared by relativistic effects suggest even much larger radii, Rin ≃ 250 Rg.
The XMM-Newton/RXTE data, as analysed here, do not provide a definitive answer
to the question of the accretion disc is truncated at large radii or not, since the an-
swer strongly depends on the continuum and line model that are used. One should
however bear in mind that the interpretation of the line profile in terms of relativistic
effects close to the black hole is not the only possible one, and other alternatives do
not require a disc extending down close to the ISCO to explain the shape of the line.
It remains to be seen whether this kind of models can fit the data of Swift J1753 and
other sources in the LHS.
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Table 2.1: Results of various continuum models. In the first part of the table we show the results of a power-law (PL) based model. A line
component (LAOR), a disc blackbody (DISKBB) or both were added (these components are also added to the other continuum models). The PL
parameters are the photon index, Γ, and the normalization NΓ (in units of photons/keV/cm

2/s at 1 keV). The LAOR parameters are the line
energy, EL, which we constrain to range between 6.4 and 7 keV, the emissivity index, β, inner disc radius, Rin (with Rg=GM/c2), inclination,
i, and normalization of the line, NL (in units of photons/cm

2/s). The DISKBB parameters are the temperature at inner disc radius, kTin, and
disc normalization, ND, which is defined as [Rin(km)/d(10 kpc)]

2cosi, where d is the distance to the source. Next, we show the results of a
broken power-law (BKNPL) based model, with Γ1, the photon index for energies below the break energy, break point, Eb, photon index after the
break, Γ2, and normalization, NΓ (same units as PL normalization). Next, we give the results of a continuum model based on a Comptonization
(COMPTT) component. The COMPTT parameters are: soft seed photon temperature, kT0, plasma temperature, kT , optical depth of the plasma,
τ , and normalization, Nc. Next, we show the results of two reflection models PEXRAV and PEXRIV, with parameters: photon index, Γ, cosine
of the inclination angle, cosi, and normalization, NP (same units as PL normalization). An extra parameters of the PEXRIV component is the
disc ionization parameter, ξ. Finally, we give the results of another reflection model: REFLION+PL. To gain information about the disc radius,
we convolve this model with a KERRCONV component. The REFLION components are the ionization parameter, ξ, and normalization of the
reflected spectrum, NR. The photon index of the REFLION component is coupled to the PL photon index. The free KERRCONV parameters are
the inclination and inner radius of the disc. We fit each of the above models including an absorption model (PHABS) with NH the equivalent
hydrogen column, and a constant component to normalize between the instruments. For all continuummodels, the unabsorbed flux is 3.9×10−10

erg cm−2 s−1 (0.6–10 keV). In the models with a DISKBB component, the flux of this component ranges between 0.3–1.6 × 10−11 erg cm−2 s−1

(0.6–10 keV).

PL LAOR DISKBB PHABS

NΓ NL NH

Model Γ (10−2) EL β Rin i (10−4) kTin ND (1021) χ2/ν

PL+DISKBB 1.60±0.01 5.57±0.05 – – – – – – – 0.38±0.04 36.7±10.4 1.61±0.02 603.7/500

PL+LAOR 1.66±0.01 6.05±0.02 – – 6.40+0.16
−0.0 3.8±0.5 1.36+0.31

−0.13 90.0+0.0
−1.8 5.8±0.7 – – 1.60±0.01 646.1/497

PL+LAOR+DISKBB 1.62±0.01 5.71±0.04 – – 6.79±0.17 3.9+0.4
−0.9 14.6±5.1 86.2+0.1

−2.3 1.8±0.3 0.36±0.02 35.2+3.2
−2.7 1.63±0.02 564.2/495

BKNPL LAOR DISKBB PHABS

NΓ NL NH

Γ1 Eb Γ2 (10−2) EL β Rin i (10−4) kTin ND (1021) χ2/ν

BKNPL 1.69±0.01 2.9±0.2 1.60±0.01 6.17±0.04 – – – – – – – 1.67±0.02 601.8/500

BKNPL+LAOR 1.70±0.01 2.7±0.2 1.62±0.01 6.18±0.05 6.75+0.25
−0.12 3.7+6.3

−0.9 12.5+11.9
−1.7 86.2+0.1

−2.8 1.8±0.8 – – 1.67±0.02 564.0/495

BKNPL+LAOR+DISKBB 1.71±0.04 2.9±0.2 1.62±0.01 6.36±0.34 6.89+0.11
−0.49 3.9+6.1

−1.2 17.4±7.9 86.2+0.1
−11.3 1.5+0.7

−0.4 0.18±0.02 2458.8+4484.6
−1908.1 2.09+0.16

−0.07 552.9/493

COMPTT LAOR DISKBB PHABS

NC NL NH

kT0 kT τ (10−2) EL β Rin i (10−4) kTin ND (1021) χ2/ν

COMPTT+LAOR 0.13±0.01 11.9±2.4 3.2±0.3 1.7±0.2 6.79±0.20 3.8+2.5
−0.9 11.1+4.9

−3.8 86.2+1.1
−0.1 2.7±0.6 – – 1.55±0.03 662.8/495

COMPTT+LAOR+DISKBB 0.01+0.05
−0.01 23.1+3.0

−2.0 2.2+0.5
−0.03 4.1+0.1

−0.8 6.75+0.25
−0.35 3.5+6.5

−0.7 12.4+11.6
−7.4 86.2+0.1

−2.8 1.6±0.6 0.38±0.04 35.1+29.9
−17.3 1.60±0.04 566.4/493
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Table 2.1: Results of various continuum models continued.

PEXRAV/PEXRIV LAOR DISKBB PHABS

NP NL NH

Γ cosi ξ (10−2) EL β Rin i (10−4) kTin ND (1021) χ2/ν

PEXRAV 1.67±0.01 0.16±0.04 – 6.06±0.03 – – – – – – – 1.61±0.02 693.7/501

PEXRAV+LAOR 1.68±0.01 0.13±0.05 – 6.11±0.04 6.40+0.12
−0.0 3.4+0.7

−0.4 5.5±0.8 86.9±2.7 3.4±0.6 – – 1.64±0.02 590.0/496

PEXRAV+LAOR+DISKBB 1.65±0.01 0.01+0.05
−0.0 – 5.90±0.07 6.40+0.12

−0.0 3.2±0.5 5.6+1.5
−0.9 84.8+2.4

−10.8 2.5+0.6
−1.3 0.31±0.05 50.7+43.7

−32.4 1.68±0.06 560.9/494

PEXRIV 1.68±0.01 0.13±0.03 134+113
−74

6.09±0.03 – – – – – – – 1.64±0.02 651.6/500

PEXRIV+LAOR 1.69±0.01 0.12±0.03 0.0+0.01 6.12±0.03 6.40+0.1
−0.0 3.4±0.6 5.5±0.7 84.8+1.4

−2.3 3.5±0.7 – – 1.65±0.02 586.4/495

PEXRIV+LAOR+DISKBB 1.64±0.01 0.01+0.05
−0.0 317+118

−205
5.85±0.07 6.43+0.57

−0.03 10.0+0.0
−6.2 5.6±3.2 78.0+8.3

−18.2 1.0+0.9
−0.4 0.35±0.03 31.0+10.1

−7.2 1.67±0.04 562.2/493

PL REFLION KERRCONV DISKBB PHABS

NΓ NR NH

Γ (10−2) Γ ξ (10−8) i Rin kTin ND (1021) χ2/ν

REFLION+PL 1.54±0.01 4.10±0.15 – 1.54±0.01 5053+528
−650

7.6±0.8 – – – – – 1.75±0.01 568.4/500

REFLION+PL+DISKBB 1.59±0.01 5.17+0.24
−0.09 – 1.59±0.01 1850+576

−628
8.2±0.2 – – – 0.39±0.06 17.7+18.8

−11.0 1.66±0.01 560.3/498

(REFLION+PL)∗KERRCONV 1.55±0.01 4.18±0.26 – 1.55±0.01 4800+233
−96

7.9±0.3 – 0.9+7.6
−0.9 256±12 – – 1.75±0.01 562.1/498

NOTES: Units are in keV for EL, kTin ,Eb, kT0 and kT . Rin is inRg , i in degrees,NH in cm
−2 , and ξ is in units of erg cm s−1.
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A strong and broad Fe line in the
XMM-Newton spectrum of the new

X-ray transient and black-hole
candidate XTE J1652−4531

—B. Hiemstra, M. Méndez, C. Done, M. Dı́az Trigo, D. Altamirano & P. Casella—

When you look at the dark side, careful you must be ... for the dark side looks back.
— Yoda, Dark Rendezvous —

Abstract: We observed the new X-ray transient and black-hole candidate XTE
J1652−453 simultaneouslywithXMM-Newton and the Rossi X-ray Timing Explorer
(RXTE). The observations were done during the decay of the 2009 outburst, when
XTE J1652−453 was in the hard-intermediate state. The spectrum shows a strong
and broad Fe emission line with an equivalent width of ∼450 eV. The profile is
consistent with that of a line being produced by reflection off the accretion disc,
broadened by relativistic effects close to the black hole. The best-fitting inner
radius of the accretion disc is ∼4 gravitational radii. Assuming that the accretion
disc is truncated at the radius of the innermost stable circular orbit, the black
hole in XTE J1652−453 has a spin parameter of ∼0.5. The power spectrum of the
RXTE observation has an additional variability component above 50 Hz, which
is typical for the hard-intermediate state. No coherent quasi-periodic oscillations
at low frequency are apparent in the power spectrum, which may imply that we
view the system at a rather low inclination angle.

1Originally published inMonthly Notices of the Royal Astronomical Society, vol. 411 , p. 137 (2011)
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3.1 Introduction

Most binaries with a stellar-mass black-hole primary are X-ray transients in which
matter is accreted from the companion star on to the black hole (BH). These systems
are characterized by a sudden and rapid rise in intensity (reaching a maximum in
about one to several weeks) followed by a gradual decline. The so-called outbursts
typically last several months; eventually the source becomes too faint to be detected
with current X-ray instruments (for typical light curves, see Fig. 4–9 in Remillard &
McClintock 2006). The large excursions in the intensity seen in X-ray transients are
likely due to changes in the accretion rate on to the BH, triggered by disc instabilities
due to hydrogen ionization (see Section 2.2.1 in Done et al. 2007; Lasota 2001).
During an outburst, not only the intensity, but also the X-ray spectrum and X-

ray variability changes (Méndez & van der Klis 1997; McClintock & Remillard 2006;
Belloni 2010, and references therein). In the bright phase of an outburst, at X-ray
luminosities LX ≃ 1037–1039 erg s−1, the X-ray spectrum is dominated by ther-
mal emission below ∼5 keV originating from an optically thick and geometrically
thin accretion disc, with a typical temperature of ∼1 keV, that extends down to the
marginally stable orbit (Shakura & Sunyaev 1973). This phase is generally referred to
as the soft or high/soft state, and is further characterized by a low level of variability,
with typical fractional rms values of a few per cent. When the luminosity decreases
to about 1–4% of the Eddington luminosity (Maccarone 2003), the source makes a
transition to the so-called hard or low/hard state, in which the X-ray spectrum is
dominated by hard power-law like emission with a typical power-law photon index
of 1.5–1.7. The high-energy emission is produced by inverse Compton scattering of
photons by a population of hot electrons in a region referred to as the corona (Thorne
& Price 1975). The hard state is further characterized by a high level of variability,
with rms amplitudes of > 20%, with strong quasi-periodic oscillations (QPO) at low
frequencies (∼0.1–10 Hz; e.g. Homan & Belloni 2005).
X-ray spectra of BH transients sometimes show broad Fe emission lines at around

6–7 keV (for a review see Miller 2007). These lines, from fluorescent-Kα emission of
neutral or ionized Fe, are thought to be produced through irradiation of the disc
by the source of hard photons. The Fe line is broadened by relativistic effects and
becomes asymmetric (Fabian et al. 1989; Laor 1991), and its profile provides infor-
mation on the disc properties, such as the inclination angle, the emissivity, and the
inner radius. The latter can be used to measure the BH spin (e.g. Reynolds & Fabian
2008), assuming that the disc extends down to the innermost stable circular orbit
(ISCO) in the soft states.

In this chapter we report on the timing and spectral analysis of a contemporane-
ous XMM-Newton and RXTE observation of the new X-ray transient XTE J1652−453.
This is the first (and so far the only) time that this source has been observed with an
instrument with a good spectral resolution to study the Fe line which was previously
detected in RXTE Proportianal Counter Array (PCA) data (Markwardt et al. 2009b).
Furthermore, the broadband coverage of the simultaneous XMM-Newton and RXTE
data allows to properly model the underlying continuum spectrum. In Section 3.2
we describe the outburst evolution from RXTE observations, we give details about
the XMM-Newton and RXTE observations, and we describe the steps that we fol-
lowed to generate the power and energy spectra. We continue with the data analysis
in Section 3.3 where we test different line and continuum models, and where we
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consider several broadening mechanisms. In this section we also present our results
from the spectral and timing analysis separately. In Section 3.4 we discuss our results
in the context of the spectral state, disc geometry, and inferred black hole spin. In
the appendix we discuss how the choice of background spectrum and abundances
influences the continuum and line parameters inferred from the spectrum.

3.1.1 The 2009 outburst of XTE J1652−453

XTE J1652−453 was discovered in the RXTE/PCA Galactic bulge scan on June 28,
2009 (Markwardt et al. 2009b). Follow-up observations with the Swift X-ray Tele-
scope (XRT) and RXTE/PCA measured a spectrum consistent with a stellar-mass
black hole in the canonical high/soft state (Markwardt & Swank 2009; Markwardt
et al. 2009a), with the spectrum below 10 keV dominated by emission from an ac-
cretion disc with a temperature of ∼0.6 keV. The RXTE/PCA spectrum also showed
evidence of a relatively strong emission line at 6.4 keV, most likely originating from
an Fe-Kα line. However, the line could not be studied in detail because of the limited
spectral resolution of RXTE.
A near infrared (NIR) imaging observation of the field of XTE J1652−453 on July

11, 2009, provided a possible NIR counterpart of XTE J1652−453 (Reynolds et al.
2009). However, from NIR observations on July 15 and August 28, 2009, the sug-
gested NIR counterpart showed no significant variability, suggesting that the previ-
ous detection might have been an unrelated interloper star (Torres et al. 2009). Radio
observations with the Australia Telescope Compact Array on July 6, 7, and 13, 2009,
showed emission that may be indicative of the decay of an optically thin synchrotron
event associated with the activation of XTE J1652−453 (Calvelo et al. 2009).
OnAugust 22, 2009, we triggered anXMM-Newton observation of XTE J1652−453,

simultaneously with RXTE, to study the Fe emission line and the disc properties in
the decline of the outburst. In this chapter we present the results of these observa-
tions.
On September 10, 2009, the Burst Alert Telescope (BAT) on-board Swift showed

an increase (by a factor of 1.5–2) in the hard X-ray count rate (15–50 keV) of XTE
J1652−453, indicating a transition to the hard state (Coriat et al. 2009). On September
14, 2009, the RXTE spectrum was still consistent with a disc blackbody (kT ≃ 0.6
keV), a power law (with an index of ∼1.8), and a line feature near 6 keV. Later RXTE
observations did not require a disc component, and no line feature was apparent
(Coriat et al. 2009).

3.2 Observations & Data reduction

3.2.1 Hardness and intensity as function of time

Since its discovery, XTE J1652−453was observed with RXTE every∼3–4 days. There
are in total 55 RXTE observations of XTE J1652−453, each of them lasting from ∼1
to several ks. We used the 16-s time-resolution Standard 2 data from the PCA (for
instrument information see Jahoda et al. 2006) to calculate the hard colour and inten-
sity of all 55 observations. For each of the five PCA units (PCUs), and for each time
interval of 16 s, we calculated the intensity, defined as the count rate in the 2–20 keV
band, and the hard colour, defined as the count rate in the 16–20 keV range divided
by the count rate in the 2–6 keV range.
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To correct for differences in effective area between the PCUs, and to correct for
time-dependent gain changes of the detectors, we used the method described in van
Straaten et al. (2003). As we did for XTE J1652−453, for each PCU we calculated the
hard colour and intensity of the Crab nebula, which are assumed to be constant, and
averaged the 16-s Crab colours and intensities per day. For each PCU, we divided
the 16-s hard colours and intensities of XTE J1652−453 by the corresponding aver-
aged Crab values that were closest in time. Finally, we averaged the 16-s colours
and intensities over all PCUs per observation. We further used the 15–50 keV fluxes
of XTE J1652−453 measured by Swift/BAT during the outburst. These data are pro-
vided by the Swift/BAT team and are publicly available on the Swift/BAT transient
monitor page2.

3.2.2 Energy spectrum of XTE J1652−453

XTE J1652−453 was simultaneously observed with XMM-Newton and RXTE on Au-
gust 22, 2009; both observations started at the same time (03:39 UTC). The XMM-
Newton observation (obsID 0610000701) lasted for ∼42 ks, while the RXTE obser-
vation (obsID 94432-01-04-00) lasted for ∼14 ks. To achieve a broadband spectral
coverage, we extracted the energy spectra of XTE J1652−453 from the XMM-Newton
data as well as from the RXTE observation. We describe the data reduction of the
individual instruments in the following sections.

3.2.2.1 XMM-Newton

For the data reduction of the XMM-Newton Observational Data Files (ODF) we used
the Science Analysis Software (SAS) version 9.0, applying the latest calibration files.
We generated concatenated and calibrated event lists for the different instruments,
using the standard SAS tasks. The European Photon Imaging Camera (EPIC, for
instrument information see Strüder & et al. 2001; Turner et al. 2001) PN and MOS2
were operated in timing mode, while MOS1 was operated in imaging mode. The
Reflection Grating Spectrometers (RGS) were set in normal spectroscopy mode.

For the EPIC data we applied the standard filtering criteria, as described in the
science threads provided by the XMM-Newton team, and we additionally filtered
out the flaring particle background, leading to a net exposure of ∼35 ks. Except
for the flaring background, the light curve was rather constant during the whole
observation. Since MOS1 was operated in imaging mode, it was heavily affected
by photon pileup. After excising the pileup affected central region of the source,
the statistics of the MOS1 spectrum were strongly reduced, and we therefore did
not include this spectrum in the rest of our analysis. Using the task epatplot, we
evaluated the pileup fraction in MOS2 and PN data, and we found that no photon
pileup was apparent for MOS2 and PN. To further check whether the spectrum was
affected by pileup (see e.g. Yamada et al. 2009; Done &Diaz Trigo 2010), we extracted
the source spectra excluding the central three columns of the point spread function
(PSF). There are no significant differences between the spectrum that includes the
core of the PSF and the one that excludes it.

Following the standard procedure, we extracted source and background spec-
tra for MOS2 and PN data, and we created redistribution matrices and ancillary

2http://swift.gsfc.nasa.gov/docs/swift/results/transients
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files using the SAS tools rmfgen and arfgen, respectively. The MOS2 source spec-
trum was extracted using the RAWX columns in 288–328, and for single events only
(PATTERN 0). We extracted the MOS2 background from a source-free circular region
on the outer CCDs, ∼15 arcmin away from the source, using PATTERN 0, 1, and 3.
The standard correction for charge-transfer inefficiency (CTI) does not work prop-
erly for PN operated in fast mode (burst or timing) and bright sources, which can
lead to a gain shift and may affect the energy spectrum (Sala et al. 2006). There-
fore, before extracting the PN spectra, we used the new SAS task epfast to cor-
rect for possible CTI effects (more information about CTI correction can be found
at: http://xmm.esac.esa.int/external/xmm calibration). We extracted
the PN source spectrum using RAWX in [30:46]; for the PN background we initially
used the RAWX columns in [5:21]. However, the background spectrum appeared to
be contaminated with source photons (see Fig. 3.7). We tried different background
extraction regions, but since the wings of the PSF extends beyond the CCD bound-
aries, the background spectra taken from the same CCD were always contaminated
with source photons. Using this contaminated background would lead to an over-
subtraction of the source spectrum, and may affect the results of the spectral analy-
sis. Since during our observation the source count rate was significantly higher than
that of the background (source ∼100 cts s−1; no contaminated background < 0.5 cts
s−1), we decided not to subtract any background (see also Done & Diaz Trigo 2010).
However, we investigated whether the best-fitting parameters are affected by apply-
ing different background corrections. We therefore performed a number of spectral
fits using different background models. Details about these fits can be found in the
Appendix.
The EPIC spectra, obtained following the standard procedures, oversample the

intrinsic resolution of the detectors by a factor of ∼10. We therefore rebinned the
EPIC spectra with the tool pharbn3, to have 3 energy channels per resolution ele-
ment, and at least 15 counts per channel. We did not apply any systematic error to
the EPIC spectra.
We reduced the RGS data and produced all necessary files following the standard

procedure. We included the RGS spectra at low energies (below 2 keV), only using
the first order spectra of RGS1 and RGS2. Unless mentioned differently, we rebinned
the energy channels above ∼0.9 keV by a factor of 10, and the channels below that
energy such that there are at least 15 counts per bin. No systematic error was applied
to the RGS data.

3.2.2.2 RXTE

For the RXTE data reduction we used the HEASOFT tools version 6.7. We followed
the standard procedure suggested by the RXTE team4. After standard screening and
filtering we obtained a net exposure of ∼13 and ∼4 ks for PCA and High Energy
X-ray Timing Experiment (HEXTE), respectively. Using the tool saextrct, we ex-
tracted the PCA spectrum from Standard-2 data, using only events from PCU2, be-
ing this the best-calibrated detector. We extracted the HEXTE spectra using cluster-B
events only. The PCA background was estimated and the HEXTE background was
measured with the tools pcabackest and hxtback, respectively. We generated

3http://virgo.bitp.kiev.ua/docs/xmm sas/Pawel/reduction/pharbn
4http://heasarc.gsfc.nasa.gov/docs/xte/xtegof.html
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PCA andHEXTE instrument response files, using pcarsp and hxtrsp, respectively.
Within the used energy range the energy channels of the RXTE data contained more
than 15 counts per bin, such that χ2 statistics can be applied, and no channel rebin-
ning was required. No systematic errors were added to the HEXTE data, while we
used 0.6% systematic errors for the PCA data.

3.2.3 Power spectrum of XTE J1652−453

We used the RXTE/PCA data to calculate power density spectra of all available ob-
servations of XTE J1652−453. For this we used the Event-mode data with 125-µs
time resolution over the nominal 2–60 keV range, without any energy selection, us-
ing data from all available PCUs. For all 55 RXTE pointed observations, we first
produced light curves at a 1-s time resolution to identify and exclude drop outs in
the data. We then divided each observation into segments of continuous 128 s, and
we calculated the Fourier transform of each segment preserving the available time
resolution. Therefore, each power spectrum extends from 1/128 to 4096 Hz, with a
frequency resolution of 1/128 Hz. Finally, we averaged all the 128-s power spectra
within an observation to produce an averaged power density spectrum per observa-
tion.
For each observation we subtracted the dead-time modified Poisson level fol-

lowing the prescription in Zhang et al. (1995). Using the corresponding source and
background count rates, we re-normalized the averagedpower spectra of each obser-
vation to rms units (van der Klis 1989). We then calculated the integrated fractional
rms amplitude for each observation in the frequency range 1/128–100 Hz.
In addition, for the RXTE observation (ObsID 94432-01-04-00) that was coinci-

dent with the XMM-Newton observation, we fit the power spectrum with a function
consisting of the sum of three Lorentzians (e.g. Belloni et al. 2002). The results of this
fit are described in Section 3.3.5.

3.3 Data analysis and results

3.3.1 Outburst evolution

In Fig. 3.1 we show the intensity and hard colour as a function of time for the out-
burst of XTE J1652−453. We also show the BAT flux and the 1/128–100Hz fractional
rms amplitude. The first detection of this source was onMJD 55010 (Markwardt et al.
2009b). The PCA pointed observations started ∼4 days later, when XTE J1652−453
had an intensity of about 80 mCrab. In the following 2 days the intensity increased,
reaching a maximum of about 140 mCrab at MJD ∼55016. From that point onwards,
the intensity of the source decayedmore or less exponentially until MJD∼55065. Af-
ter that day the intensity remained approximately constant (∼20 mCrab) for about
55 days, showing a dip at around MJD 55080. Starting on MJD 55120, the intensity
started to decrease again, and ∼25 days later it dropped down below the detection
limit of RXTE. In total, the outburst lasted approximately 145 days.
From the beginning of the outburst the hard colour increased slowly, roughly

linearly with time until MJD ∼55065, and at that point it started to increase more
rapidly. The faster increase occurred at the same time as the intensity stopped its ex-
ponential decay (see above). After this, the hard colour continued increasing, show-
ing a small dip at MJD 55080, and it further increased by a factor of ∼3 within ∼6
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Fig. 3.1: From top to bottom: Intensity (2–20 keV), Hard colour (16–20 keV/ 2–6 keV), BAT
flux (15–50 keV), and fractional rms amplitude (1/128–100 Hz, full PCA band), respectively.
Intensities, hard colours and fractional rms amplitudes are the average per day of each pointed
PCA observation. The BATmeasurements were taken from the BAT transient monitoring. The
black filled circle marks the moment of the XMM-Newton observation.

days. The time of the sudden increase in the hard colour coincides with the dip in
the intensity curve. Starting on MJD 55087, and for about 13 days, the hard colour
remained approximately constant. After MJD 55120 the hard colour started to in-
crease again, at the time the intensity started to decrease again, until XTE J1652−453
became too faint to be detected with RXTE. The sudden increase in the hard colour
at aroundMJD 55080 also coincides with a slight increase of the BAT flux light curve,
as shown in the third panel of Fig. 3.1.
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The moment of our XMM-Newton observation is marked by a filled black circle
in Fig. 3.1. Our observation samples the outburst at the moment that the intensity
stabilised at about ∼20 mCrab, a day before the first increase in the hard colour. In
the bottom panel of Fig. 3.1 we show the 1/128–100Hz fractional rms amplitude as a
function of time during the outburst of XTE J1652−453. In the first few observations
the rms amplitude is low, at around 2–4%. As the outburst progresses, and the source
intensity decreases, the rms amplitude increases more or less linearly with time, up
to ∼30% on MJD 55094, then it decreases slightly to ∼15–20% for about a week,
and then increases again up to 30–40% at the end of the outburst. At the time of the
simultaneous XMM-Newton observation, onMJD 55065, the 1/128–100Hz fractional
rms amplitude of XTE J1652−453was somewhat intermediate, with 13.3 ± 1.2%.

3.3.2 Spectral state at the moment of the XMM-Newton observation

From Fig. 3.1 it is apparent that at the beginning of the outburst XTE J1652−453 was
in the high/soft state, with high intensity, low hard colour, and low 1/128–100 Hz
fractional rms amplitude (e.g. Méndez & van der Klis 1997; Homan & Belloni 2005).
Around MJD 55080, there is a clear transition to the low/hard state, with a sharp
increase of the hard colour, while both the BAT flux and the 1/128–100Hz fractional
rms amplitude increase slightly, but significantly. Transitions from the high/soft
state to the intermediate state (soft- or hard-intermediate; Homan & Belloni 2005;
Belloni 2010) are generally smooth transitions, and without multi-wavelength obser-
vations in combination with detailed timing analysis it is difficult to say when this
transition exactly happened.

In Fig. 3.2 we show the hardness-intensity diagram (HID) for the outburst of
XTE J1652−453. For comparison we also show the HID of the black-hole candi-
date GX 339−4 of the 2002/2003 outburst. Both diagrams show the intensities and
hard colours in Crab units, both calculated in the same manner as described in Sec-
tion 3.2.1. In the HID of GX 339−4 we marked the different spectral states identified
by Belloni et al. (2005) and Homan & Belloni (2005). Suggested by Fig. 3.2 together
with the 1/128–100 Hz integrated rms amplitude of ∼15%, which is too high for
the soft or the soft-intermediate state, we conclude that at the moment of the XMM-
Newton observation, XTE J1652−453 was in the hard-intermediate state.

3.3.3 Spectroscopy

For the spectral analysis of XTE J1652−453 we used XSPEC version 12.5.1 (Arnaud
1996). Since XMM-Newton and RXTE started their observations at the same time,
together with the rather constant light curve during the whole XMM-Newton ob-
servation, we fit the XMM-Newton and RXTE spectra simultaneously. We initially
used a continuum model including a power law (POWERLAW in XSPEC) and a disc
blackbody (DISKBB; Mitsuda et al. 1984). We included a multiplicative factor in our
fit to account for differences in the absolute flux calibration between the different
instruments, and to account for interstellar absorption we used the photoelectric
absorption component PHABS, assuming cross sections of Verner et al. (1996) and
abundances of Wilms et al. (2000). (In the appendix we show how the choice of cross
sections and abundances may affect the parameters.)

A strong and broad emission line at around 6–7 keV was apparent in the spectra,
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most likely due to Fe fluorescence lines (of neutral or ionized Fe), and we initially
fit the line with a Gaussian. However, a Gaussian line did not provide a good fit
(χ2

ν ≃ 2.6); the Gaussian fit a large part of the line between 6–7 keV, but it was
not able to fit the red wing extending down to 4–5 keV. Guided by the asymmetric
profile, we fit the line with a relativistic line profile (e.g. for a Kerr-metric: LAOR;
Laor 1991). We tried different line and continuum components to test whether the
line parameters depend on the choice of line and/or continuum model. Details and
results of this can be found in Section 3.3.3.2.

When fitting the XMM-Newton/RXTE spectra, several features appeared in the
fitting residuals. Some of them are due to calibration issues of XMM-Newton data in
timing mode, some of them are caused by cross-calibration issues between the dif-
ferent instruments, and others might be real. We discuss these features individually
in the following section.

Unless stated differently, all uncertainties given in this chapter are at a 90% con-
fidence level (∆χ2 = 2.71), and upper limits are given at a 95% confidence level. The
equivalent widths (EW) of emission and absorption features are both quoted with
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Fig. 3.3: An excess at ∼1 keV is apparent in the PN spectrum of XTE J1652−453. We show the
data/model ratio when we fit the data with a PHABS(POWERLAW+DISKBB+LAOR)model. The
spectrum is not corrected for background, and instrumental residuals are still present.

positive values.

3.3.3.1 Instrumental/Cross-calibration issues

Here we list all features and issues that arose during our spectral analysis which are
most likely related with uncertainties in the (cross) calibration of the different instru-
ments.

• Excess at ∼1 keV:
When we fit the PN spectrum in the 0.7–11 keV range with a line and continuum
model, PHABS(POWERLAW+DISKBB+LAOR), we found a strong and broad emission
feature at ∼1 keV, extending up to ∼1.3 keV (see Fig. 3.3). The ∼1 keV excess was
also apparent in the MOS2 data, although the profile of the excess was different.
Since both detectors showed this excess we cannot discard that it may be real, and
we considered the possibility that it might be due to blurred Fe-L or Ne-X emission
lines (see Fabian et al. 2009). We tried to fit this excess with either a Gaussian compo-
nent or a relativistic line profile, but none of these models gave a good fit. No excess
at ∼1 keV was apparent in the RGS data, although the lower effective area does not
allow us to discard it completely. Similar excesses at∼1 keV have been seen in other
sources observed with PN operated in timing mode (e.g. Martocchia et al. 2006; Sala
et al. 2008; Boirin et al. 2005). The excess appears in that part of the spectrum where
the flux drops abruptly due to interstellar absorption, and the EW of the excess ap-
pears to increase as a function of this absorption (see e.g. Done & Diaz Trigo 2010).
Given this, a calibration issue related with the redistribution matrix of the timing-
mode data cannot be excluded at the moment. Due to the uncertain origin of this
excess (a thorough investigation is beyond the scope of this chapter), we ignored the
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EPIC data below 1.3 keV and included the RGS data to cover the spectrum below
that energy.

• Energy-dependent discrepancy between PCA and PN:
Fitting the PCA data in the 3–20 keV range shows an energy-dependent deviation
between the PN and PCA spectra below ∼7 keV. (With respect to the PN data, the
PCA data show an excess that increases with decreasing energy.) Fitting the PN
and PCA spectra individually (in the 1.3–11 keV and 3–20 keV ranges, respectively),
there is a discrepancy in the power-law photon index, which is most likely due to a
mismatch in cross-calibration between the PN and PCA instruments. To avoid the
effects of this apparent energy-dependent discrepancy between PN and PCA data,
in the rest of our analysis we only used PCA data in the 7–20 keV range.

• Absorption features:
The residuals of the PHABS(POWERLAW+DISKBB+LAOR) model to the EPIC data show
two absorption features near 1.8 and 2.1 keV, consistent with the Si-K (1.84 keV)
and Au-M (2.21 keV) edges, which are most likely of instrumental origin. To re-
duce the impact of these lines, we could fit each of them with a Gaussian absorp-
tion component at 1.85 ± 0.01 and 2.13 ± 0.02 keV, and widths of 55 ± 5 eV and
110 ± 10 eV, respectively, although some residuals between ∼1.8–2.2 keV still re-
mained, probably due to problems with the gain and the CTI correction. In order
to keep the model as simple as possible, instead of fitting these two instrumen-
tal features with absorption components, we ignored all energy channels between
1.75–2.25 keV so that these instrumental edges will not affect the results of the anal-
ysis. However, we caution that the edges, if caused by residual problems of the
CTI correction, indicate that a slight energy shift may appear in the whole energy
band (see XMM-Newton Calibration Documentation XMM-SOC-CAL-TN-0083, on
http://xmm.vilspa.esa.es/docs/documents).

The RGS data showed an absorption feature at ∼1.4 keV. In case we fit this ab-
sorption line with a GABS component, the best-fitting line energy is 1.42 ± 0.06 keV,
line width σ = 70 ± 10 eV, and EW of ∼35 and ∼62 eV for RGS1 and RGS2, respec-
tively. The width and strength of this absorption feature suggest that it is most likely
due to a mismatch in the spectrum curvature of the PN and RGS data. In the rest of
the analysis we fit this absorption line with a GABS component.

Further, the EPIC-fitting residuals above 6 keV showed additional features in
the PN spectrum at high energy (see Fig. 3.4). The slight increase at ∼8.3 keV (and
the consequent dip at higher energies) is probably due to the emission lines in the
detector background (see Fig. 3.7). Since the absorption feature at ∼8.7 keV is only
apparent in the PN data, and not in the MOS2 or PCA data, it is most likely an effect
of not correcting for the background emission lines in the PN detector. To improve
the fit statistics, we fit the absorption line at 8.78 ± 0.07 keV, with width σ = 70 ± 20
eV and EW of 37 ± 10 eV.

In contrast to all above mentioned absorption features, the dip at∼9.2 keV could
be real since both PN and PCA spectra show this feature. Since the highly ionized Fe
line should be accompanied by an associated edge, we fit this feature with an EDGE
component, and found a best-fitting edge depth of τmax = 0.20 ± 0.02 at an energy
of 9.05+0.12

−0.07 keV, midway between the He and H-like edges of Fe at ∼8.83 and ∼9.28
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Fig. 3.4: Zoom in of the PN spectrum of XTE J1652−453. The absorption feature at ∼9.2
keV is apparent in the lower panel, where we show the residuals when fitting the data with
the PHABS(POWERLAW+DISKBB+LAOR) model. In the sub-panel we show a zoom in of the
residuals to show the apparent absorption features at ∼8.5–9 keV.

keV, respectively. For PCA data only, the best-fitting τmax = 0.19± 0.04 at an energy
of 9.14 ± 0.17 keV, consistent with the edge of H-like Fe.

3.3.3.2 Line and Continuum models

For testing different line and continuum models, we simultaneously fit PN in the
1.3–11 keV range (excluding the 1.75–2.25 keV range), RGS in the 0.4–2 keV range,
PCA in the 7–20 keV range, and HEXTE in the 20–150 keV range. From the available
XMM-Newton/EPIC data we only included PN data since this is the best calibrated
instrument in timing mode, but for a consistency check we also fit the MOS2 data
separately (see Section 3.3.3.3).

• Different relativistic line profiles:
The broad and skewed Fe emission line profile that is apparent in the spectra of
XTE J1652−453 (see Fig. 3.5) is consistent with what is expected from relativistic ef-
fects, and we therefore fit it with the commonly used line profiles for a non-rotating
(DISKLINE; Fabian et al. 1989) and a maximally rotating black hole (LAOR). Both line
components have similar parameters: line energy, EL, which depends on the ioniza-
tion stage of Fe, inner disc radius,Rin, outer disc radius,Rout, disc inclination, θ, and
emissivity index, β, which is the power-law dependence of the disc emissivity that
scales as R−β . The normalization of the line, NL, gives the number of photons cm

−2

s−1 in the line. We let all parameters free, exceptRout which we fixed to 400Rg (with
Rg = GM/c2 where G and c are the usual physical constants, andM is the mass of
the black hole). We further constrained the line energy to the range between 6.4–6.97
keV, since this is the expected range for neutral to hydrogen-like Fe-Kα lines.
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The fit with the DISKLINE component did not provide a good fit with χ2
ν ≃ 1.5

for 362 d.o.f., with strong residuals below 6 keV, and the inner radius pegged at 6
Rg. Since the DISKLINE appears not to be the right model to describe the line, we
do not further mention any results for this model. The LAOR profile however, gives
an acceptable fit with χ2

ν ≃ 1.2 for 362 d.o.f. In Table 3.1 we show the best-fitting
parameters for the model with LAOR, with a DISKBB and POWERLAW as our contin-
uum. In the rest of this chapter we refer to the PHABS(DISKBB+POWERLAW+LAOR)
model as Model 1. The continuum parameters are the power-law photon index, Γ,
power-law normalization, NΓ (in photons keV

−1 cm−2 s−1 at 1 keV), equivalent hy-
drogen column density, NH, temperature at the inner disc radius, kTin, and the disc
blackbody normalization, Ndbb = [(Rin/km)/(D/10 kpc)]

2 cos θ, where Rin is the
apparent inner disc radius,D the distance to the source, and θ the angle of the disc.

The broadband spectrum of XTE J1652−453 and the fit residuals for Model 1 are
shown in the left panel of Fig. 3.5, with in the inset the residuals in the Fe line region
when fitting the underlying continuum spectrumwith Model 1 (except the line com-
ponent) and excluding the Fe line band, i.e., the 4–7 keV range. In the right panel of
Fig. 3.5 we show the unfolded spectrum and the model components of Model 1.

Since the LAOR profile assumes a maximally spinning black hole, we also tried a
relativistic line profile that allows to fit for the black hole spin (KYRLINE, up-dated
version, private communication with M. Dovčiak, but see also, Dovčiak et al. 2004).
Besides the black hole angular momentum, a/M , the KYRLINE parameters are θ, Rin,
Rout, EL, and NL, which are the same parameters (and same units) as for LAOR. We
fixed Rout to 400 Rg and left all other parameters free. Further, within KYRLINE it is
possible to set the directionality law for the emission (e.g. isotropic or Limb dark-
ening/brightening), and to have a broken power-law radial emissivity profile. We
assumed a disc with a single emissivity index, where β was free to vary. We further
assumed a transfer function including Laor’s limb darkening, and we only included
emission from outside the marginally stable orbit. We fit KYRLINE using the same
continuum as before, which is our Model 2: PHABS(DISKBB+POWERLAW+KYRLINE).
The best-fitting parameters for this model are also given in Table 3.1.

From Table 3.1 (columns 1 and 2) and Fig 3.5 we can see that the spectrum of XTE
J1652−453 is well described by three components. The spectrum shows a significant
contribution of thermal emission coming from a disc with a temperature of∼0.6 keV,
where the disc fraction is ∼75%. The spectrum has significant hard emission up to
at least 40 keV, where the hard tail is described by a power law with a photon in-
dex of ∼2.2. We further find that that the column density of interstellar matter in
the direction of XTE J1652−453 is ∼7 ×1022 cm−2, which absorbs most of the X-rays
coming from the disc. From Fig. 3.5 it is clear that there is a strong asymmetric Fe
emission line with a red wing extending down to about 4 keV. From fits with the
relativistic line profiles we find a line that is more than 15σ significant (based on the
1σ error of the line flux), and a best-fitting line energy of 6.97 keV. Despite the fact
that the KYRLINEmodel is more complex (having more parameters to fit for) and has
a better grid resolution (more steps over which the line is integrated) than the LAOR
component, the inferred line parameters for both profiles are still consistent. From
both relativistic line profiles we find that the disc is observed at a low inclination,
< 20◦, and has an inner disc radius of ∼3.5 Rg. From the KYRLINE profile we find
that the Fe emission line is indicative of a fast spinning black hole, although it is also
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Fig. 3.5: Top: XMM-Newton/RXTE spectra of XTE J1652−453: RGS (0.4–2 keV, blue), PN (1.3–
11 keV, black), PCA (7–20 keV, red), and HEXTE (20–150 keV, green) with, in the bottom panel,
the best-fitting residuals of Model 1. In the sub-panel in the upper-right corner we show the
residuals in the Fe line region when fitting the underlying continuum spectrum with Model
1 (without LAOR) and excluding the Fe line band, i.e., the 4–7 keV range. Bottom: Unfolded
XMM-Newton/RXTE spectra of XTE J1652−453 and the model components (Model 1). For
plotting purposes we binned the HEXTE data by a factor or 4.

consistent with a moderately spinning black hole, with a spin parameter of ∼0.45.

• Different continuum models:
As shown in previous work (see e.g. Hiemstra et al. 2009), the choice of continuum
model can affect the parameter values of the line and other continuum components,
affecting any physical interpretation. To investigate the effect of the continuum on
the inferred line profile, we tested different continuum components. Given that the
best-fitting line parameters are consistent between the fits with a LAOR or a KYRLINE
component, we used the LAOR profile to model the Fe emission line since it gives a
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slightly better fit, and it is computational much faster than KYRLINE.

I: CUTOFFPL
We first tried to fit the hard emission with a CUTOFFPL component to see whether
there is an exponential roll-off at high energy. However, we did not find a roll-off in
the hard power-law tail within the energy coverage of our data. Therefore, using a
CUTOFFPL is effectively the same as using a POWERLAW component.

II: COMPTT
Next (Model 3), we replaced the POWERLAW component in Model 1 with a compo-
nent that describes the hard emission as thermal Comptonization of soft photons in
a hot plasma (COMPTT; Titarchuk 1994), where we assumed a disc geometry for the
Comptonizing plasma. The parameters of COMPTT are the input soft photon (Wien)
temperature T0, the plasma temperature kT , the plasma optical depth τ , and the
normalization Nctt. The best-fitting results for Model 3 are given in Table 3.1.

We find that the spectrum of XTE J1652−453 is well described by a thermal com-
ponent and a Comptonizing component, where the Comptonizing plasma is hot
(kT ≃ 170 keV) and optically thin (τ ≪ 1). Because of the low-energy cutoff at
the seed photon energy, the unabsorbed 0.5–10 keV flux of the COMPTT component
is ∼2–3 times lower than the flux of the POWERLAW component in Models 1 and 2.
Due to this cutoff, the hard power-law tail does not contribute to very low energies
and causes the slightly lower value for NH, and thus a slightly higher contribution
of the disc component. The other parameters are consistent with the values obtained
in Models 1 and 2.

III: COMPPS
Subsequently, we tried a component that describes a hybrid thermal/non-thermal
Comptonizing plasma (COMPPS; Poutanen & Svensson 1996). This model compo-
nent computes the Comptonization spectra taking into account the geometry and
optical depth of the corona, the spectral distribution of soft seed photons, and the
parameters of the electron distribution. The resulting spectrum includes the inci-
dent thermal emission, the Comptonized emission, and the Compton reflection. For
the source of soft seed photons (the incident thermal emission) we assumed a mul-
ticolour disc blackbody, and we therefore did not include a separate DISKBB compo-
nent to the model. Since we only wanted to test how a hybrid plasma affects the line
and continuum parameters, we did not include the Compton reflection in COMPPS,
but we still added a LAOR component to fit the Fe line. For a spherical geometry of
the corona, the best-fitting results for this model (Model 4) are given in Table 3.1. The
free parameters are the electron temperature of the corona, kTe, seed photon temper-
ature, kTdbb, optical depth of the corona, τ , and normalization, Ncps, which has the
same units as the DISKBB normalization. We further fixed the power-law index of
the energy distribution of the non-thermal electrons to 2, we set the minimum and
maximum lorentz factors of the non-thermal electrons to 2 and 3000, respectively,
and set the abundances to solar.

We find that Model 4 fits the data well with χ2
ν ≃ 1.2 for 362 d.o.f. The hybrid

Comptonizing plasma has a best-fitting temperature of∼75 keV and is optically thin
(τ ≃ 0.15). The hybrid plasma is cooler than the fully thermal plasma in Model 3,
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while the optical depth is a factor 2 larger. We further find that the parameters of
the disc and line are hardly affected by the choice of the Comptonizing component
(non-thermal, Model 1, thermal, Model 3, or hybrid, Model 4), with values being
consistent within errors. However, the equivalent width is ∼10–20% lower in Model
4 than in the other 2 models.

IV: REFLIONX
Since the line energy of the Fe emission line suggests a high ionization stage of Fe,
we tried an ionized reflection model (REFLIONX; Ross & Fabian 2005). This model
describes the reflection off an ionized and optically-thick atmosphere of constant
density (such as the surface of an accretion disc) that is illuminated by radiation
with a power-law spectrum. Since REFLIONX only provides the reflected emission,
we included a POWERLAW component to account for the direct emission. We cou-
pled the photon index of the illuminating power-law component in REFLIONX to
the photon index of the POWERLAW. REFLIONX includes ionization states and tran-
sitions from the most important ions, like O III-VIII, Fe VI-XXVI, and several oth-
ers. To account for relativistic effects in the disc, we used a relativistic convolu-
tion component (KERRCONV; Brenneman & Reynolds 2006). All together, Model
5 was PHABS(DISKBB+POWERLAW+KERRCONV∗REFLIONX) model. For this contin-
uummodel the absorption component at ∼8.7 keV was not significant anymore and
we therefore took it out. The absorption component at∼1.4 keV and the edge at∼9.2
keV were still included. The free parameters in the REFLIONX model are the ioniza-
tion parameter, ξ (where ξ = 4πF/n, with F the total illuminating flux and n the
hydrogen number density), and the normalization, Nref . We initially also let the Fe
abundance to be free, finding a best-fitting value of 4 times solar. This is unlikely for
a low-mass X-ray binary, and we therefore fixed the Fe abundance to solar. For KER-
RCONV, we assumed a single emissivity index, which was free to vary. The black
hole spin and inclination angle of the disc were also free parameters. We further
fixed the inner radius of the disc to be equal to the radius of the marginally stable
orbit, Rms, and the outer radius to 400 Rms. The best-fitting parameters for Model 5
are also given in Table 3.1.

We find that Model 5 fits the overall continuum and Fe emission line quite well,
except that a clear absorption feature remained in the residuals at ∼7.1 keV, causing
a slightly higher χ2

ν compared with Models 1–3. Although this absorption feature
is not obviously apparent in the raw data, we checked whether it can be either a
K-edge of neutral Fe (7.11 keV), a blue-shifted absorption line of highly ionized Fe,
or a mismatch in the model used to describe the data. We tried to fit the residuals
at ∼7.1 keV with an EDGE component, but since the feature is narrow, an edge does
not provide a good fit. When we fit the residuals with a GABS component, the best-
fitting absorption line has a central energy of 7.2 keV and a width of 0.1 keV. For
the case of a blue-shifted Fe-XXVI Ly-α line, the blue shift corresponds to a velocity
of ∼9500 km s−1, which is significantly higher than the blue shift of ∼300–1600 km
s−1 observed in GRO J1655−40 (Miller et al. 2006c). For other Fe lines the blue shift
would be even larger. Since REFLIONX self-consistently incorporates Compton scat-
tering, the Fe feature in this model has an extended blue wing up to∼8 keV, whereas
the observed Fe emission line in the spectrum of XTE J1652−453 shows a sharp drop
at ∼7 keV. We therefore conclude that the negative residuals at ∼7.1 keV are likely
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Table 3.1: Different line and continuum models. Results are based on spectral fits to
RGS/PN/PCA/HEXTE data in the 0.4–150 keV range. Columns 1 & 2 give the results of
different relativistic line models using the continuum model PHABS(DISKBB+POWERLAW)
with line profiles LAOR (Model 1) and KYRLINE (Model 2). Columns 3–5 give the re-
sults of different continuum models. Models 3 and 4, respectively, include a thermal
Comptonizing plasma (COMPTT) and a hybrid plasma (COMPPS) to model the hard emis-
sion, and the LAOR component is used to fit the Fe line. For Model 4 the Comptonizing
spectrum self-consistently includes the incident thermal emission, so we did not include
a separate DISKBB component as we did for Model 3. Model 5 is the continuum model
PHABS(DISKBB+POWERLAW+KERRCONV∗REFLIONX),where REFLIONX describes the reflected
emission, POWERLAW models the direct emission, and KERRCONV smears for relativistic ef-
fects. See text for more details about parameters. Cross-calibration constants for the different
instruments with respect to PN are: 1.09 (PCA), 0.84 (RGS1&HEXTE), and 0.79 (RGS2). Fluxes
are unabsorbed and given for the 0.5–10 keV range in units of ×10−9 erg cm−2 s−1.

Component Parameter Model 1 Model 2 Model 3 Model 4 Model 5

PHABS NH × 1022 6.73±0.01 6.75±0.02 6.66±0.01 6.71±0.02 6.73±0.01

DISKBB kTin (keV) 0.59±0.01 0.59±0.01 0.60±0.01 – 0.59±0.01

Ndbb 1015+36
−11

1051±40 1090+16
−36

– 998±10

Flux 2.09±0.07 2.12±0.08 2.37+0.20
−0.08 – 2.08±0.02

POWERLAW Γ 2.23±0.03 2.22±0.03 – – 2.16±0.02
NΓ 0.18±0.01 0.18±0.01 – – 0.09±0.01
Flux 0.74±0.06 0.73±0.05 – – 0.39±0.04

COMPTT T0 (keV) – – 0.88+0.12
−0.03 – –

kT (keV) – – 170+24
−51

– –
τ – – 0.06±0.01 – –

Nctt × 10−4 – – 3.25+9.31
−1.12 – –

Flux – – 0.27+0.77
−0.09 – –

COMPPS kTe (keV) – – – 75.3±1.3 –
kTdbb (keV) – – – 0.58±0.01 –
τ – – – 0.15±0.01 –
Ncps – – – 1314±37 –

Flux – – – 2.72+0.12
−0.03 –

LAOR EL (keV) 6.97+0
−0.02 – 6.97+0

−0.06 6.97+0
−0.02 –

β 3.4±0.1 – 3.4±0.1 3.3±0.1 –

Rin (Rg ) 3.65+0.31
−0.02 – 3.64+0.27

−0.03 4.01+0.18
−0.10 –

θ (deg) 9.4+4.5
−3.8 – 9.4±3.9 5.3+3.3

−5.3 –

NL × 10−3 1.6±0.1 – 1.6±0.1 1.3±0.1 –

EW (eV) 455+17
−26

– 451+21
−28

366+21
−15

–

KYRLINE a/M (GM/c) – 0.96+0.01
−0.51 – – –

EL (keV) – 6.97+0
−0.04 – – –

β – 3.5±0.1 – – –

Rin (Rg ) – 3.39+0.31
−0.19 – – –

θ (deg) – 16.6±3.0 – – –
NL × 10−3 – 1.8±0.2 – – –

EW (eV) – 470+28
−41 – – –

REFLIONX ξ (erg cm s−1) – – – – 2872+807
−26

Nref × 10−7 – – – – 4.9+0.04
−0.23

KERRCONV a/M – – – – 0.45±0.02
β – – – – 2.7±0.1
θ (deg) – – – – 8.8±0.1

χ2
ν (χ

2/ν) 1.22 (422.2/362) 1.25 (451.1/361) 1.21 (437.2/360) 1.23 (445.2/362) 1.26 (460.2/365)

Total Flux 2.84±0.04 2.87±0.03 2.65+0.76
−0.09 2.73±0.02 2.86±0.11
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caused by a deficiency in the model (see Done & Gierliński 2006).
From Model 5 we find a high ionization parameter, ξ ≃ 2900 erg cm s−1, indicat-

ing that the emission line is dominated by highly ionized Fe, which is consistent with
the line energy of 6.97 keV that we inferred for the relativistic line profiles in Models
1–3. We also find a moderately spinning black hole with a spin parameters of ∼0.5,
consistent with the lower confidence value inferred fromModel 2. Further, the best-
fitting inclination is consistent with that inferred from LAOR, while the best-fitting
emissivity index is slightly lower than we found from Models 1–3. The POWERLAW
component in Model 5 only represents the direct emission, and therefore its normal-
ization is ∼2 times lower than for the other three models. All other parameters of
Model 5 are consistent with those inferred for the other models. The reflection frac-
tion for Model 5, as estimated from the (0.5–150 keV) flux ratio between the reflected
and incident emission, is ∼90%.

3.3.3.3 Consistency check: MOS2 data

For consistency, we verified our results obtained from fits to the RGS/PN/RXTE
data (in this section simply referred to as PN data) with fits to the RGS/MOS2/RXTE
data (and hence referred to as MOS2 data). For comparison we only fit Model 1 to
the MOS2 data, assuming the same abundances, cross sections, and energy ranges
that we used to fit the PN data (see Section 3.3.3). We ignored the MOS2 channels
between 1.75–2.25 keV for similar reasons as for PN, added a Gaussian absorption
component to fit the ∼1.4 keV feature seen in the RGS spectra, and fit the ∼9.2 keV
feature in MOS2 with an EDGE.
Model 1 (including all above absorption features) fit the MOS2 data well with

χ2
ν = 1.25 (458.0/366). The unabsorbed 0.5–10 keV flux is 2.3 × 10−9 erg cm−2 s−1,
and the best-fitting parameters for the continuum components are NH = (6.77 ±
0.05) × 1022 cm−2, kTin = 0.60 ± 0.01 keV, Ndbb = 859+59

−47, Γ = 2.17 ± 0.05, and
NΓ = 0.13 ± 0.02 photons keV−1 cm−2 s−1 at 1 keV. For the Fe line the best-fitting
values are EL = 6.97+0

−0.51 keV, Rin = 2.8 ± 0.5Rg, β = 3.7 ± 0.4, θ = 25+18
−6 degrees,

and NL = 1.9 ± 0.5 × 10−3 photons cm−2 s−1 in the line. The Fe emission line has
an EW of 514+100

−75 eV consistent with that obtained from PN data. The edge at ∼9.2
and the absorption feature at ∼1.4 keV have parameters which are consistent with
the values obtained from the PN data.
We find that most of the continuum and line parameters obtained from the MOS2

data are consistent (within errors) with the values obtained from the PN data. The
only parameters that were not consistent are the DISKBB normalization and the incli-
nation. However, the inclination inferred from the MOS2 data is consistent (within
errors) with the inclination deduced from the KYRLINE profile that we fit to the PN
data. The DISKBB normalization obtained from fits to the MOS2 data is lower than
that for PN, which is most likely due to the fact that we subtracted the background
spectrum in the case of the MOS2 data, but we did not for the PN data.

3.3.4 Other possible broadening mechanisms

By using the LAOR and KYRLINE components in ourModels 1–4we are in fact assum-
ing that the line is only broadened by relativistic effects. However, one should con-
sider the possibility that other mechanisms contribute to the total line width. Besides
broadening due to thermal Comptonization by the disc, as in REFLIONX (see Sec-
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tion 3.3.3.2), an alternativemechanism could be Compton broadening due to electron
scattering in the hot plasma above the accretion disc (Czerny et al. 1991). The width
of a Compton scattered line depends on the temperature and the optical depth of the
Comptonizing plasma. For a single Compton scattering σE/E = [(2kTe)/(mec

2)]1/2,
with σE the line width, E the central line energy, kTe the electron temperature of the
plasma, and me and c the usual physical constants (Pozdnyakov et al. 1983). From
fits including a COMPTT component to describe the high-energy emission (Model
3), we find τ ≃ 0.06 and kTe ≃ 170 keV (see Table 3.1), which means that the
Comptonizing plasma would only intercept a fraction of 0.06 of the line photons,
and scatter these into a broader line of width ∼5.5 keV. A fraction of 0.94 of the line
is unaffected, and comes out at its intrinsic width. Thus the line would have a pre-
dominantly narrow core, but with 6% of the photons scattered to such extent that
it would be difficult (or even impossible) to distinguish from the continuum. How-
ever, as amatter of fact the problem here is that in all probability the Comptonization
is not thermal but instead is non-thermal. Therefore the obtained optical depth and
temperature are not real. As we found from the fits of a hybrid Comptonization
model (Model 4), the plasma can also be cooler (kTe ≃ 75 keV), but we still found a
low optical depth (τ ≃ 0.15). In this case ∼15% of the line photons will be scattered
into a broader line of width ∼3.5 keV, which is still too broad and too weak to be
distinguished from the continuum.

Kallman &White (1989) showed that the apparent widths of Fe lines may be due
to a blend of narrow line components arising from different ionization states, with
each of these narrow components in turn affected by Compton broadening. The
combination of blending and Compton broadening produces a line profile with an
equivalent width, line width and line energy that depend on several factors, besides
the ionization parameter of the emitting gas. In this scenario, the total line width
is not only set by relativistic effects, but also by the combined effects of gas mo-
tions (rotation), Compton scattering, and blending of emission of several ionization
states, where the centroid line energy is a function of the degree of ionization of Fe,
and hence the ionization parameter of the emitting gas (Kallman & White 1989). To
estimate the effect of line blending, we fit the Fe line with a multi-component line
model. Assuming the continuum of Model 1, we added three LAOR components
with the line energies fixed at 6.4, 6.7 and 6.97 keV, for neutral, He-like, and H-like
Fe, respectively. We fixed the outer radius of the disc to 400Rg, and let the rest of the
parameters free to vary. Except for the line normalizations, we coupled the line pa-
rameters of each of the three LAOR profiles. We find that the multi-line model fits the
observed Fe emission line well, χ2

ν = 1.17 for 361 d.o.f. The best-fitting parameters
areRin = 2.20+0.10

−0.03Rg, β = 4.0±0.1, θ = 40.7±1.5degrees, andNL = 2.0±0.2×10−3,
and 0.6 ± 0.28 × 10−3 photons cm−2 s−1 for the 6.4 and 6.97 keV lines, respectively.
The 6.7 keV line was not required by the fit, with UL to the EW of∼51 eV. The equiv-
alent widths of the neutral and H-like Fe were 389+20

−39 and 127 ± 41 eV, respectively.
The best-fitting continuum parameters were consistent with the values reported for
a single-line model (Model 1, Table 3.1). From this we initially concluded that line
blending can partially explain the observed line profile, although relativistic effects
are still important. The resulting disc inclination was significantly higher for the
multi-line model than for the single-line model. In contrast to the single LAOR pro-
file, the multi-line model was dominated by the neutral-Fe line, with an equivalent
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width ∼3 times higher than the one of the H-like Fe line. Based on the high ion-
ization parameter, ξ ≃ 2900 erg cm s−1, obtained from the fits with REFLIONX (see
Table 3.1) we do not expect a significant fraction of neutral Fe in the disc, which casts
some doubt on this approach. Moreover, given the observed high disc temperature
we do not expect much neutral Fe, irrespective of photo-ionization.
A third broadeningmechanism thatwe considered explains the red-skewed emis-

sion line by downscattering of line photons in an optically thick and partly ionized
wind from the BH (see Titarchuk et al. 2009, and references therein). In this model
the effect of photo-absorption of the line photons at higher energies (above 7–8 keV,
depending on the ionization stage of the wind) suppresses the blue wing of the Fe
emission line, and therefore leads only to a redshifted profile, where the redshift of
the line photons is to first order a function of v/c, with v the outflow velocity. Con-
trary to the optically thick Comptonizing wind assumed in this model, we find an
optically thin corona for the case of XTE J1652−453,which makes this outflowmodel
unlikely to explain the observed broad and red-skewed Fe line.

3.3.5 Timing analysis

The power spectrum of the RXTE observation that was taken simultaneously with
the one of XMM-Newton,can be reasonably fit (χ2 = 35.9 for 25 d.o.f.) with three
Lorentzians at 2.2 ± 0.4Hz, 10.0 ± 1.7 Hz, and 131 ± 20Hz, respectively. (These are
the frequencies at which the Lorentzians peak in the frequency×power representa-
tion of e.g. Belloni et al. 2002) The single-trial significance of each Lorentzian (defined
as the power of the Lorentzian divided by its negative error) was 4.9σ, 2.8σ, and 3.4σ,
respectively. The three Lorentzian had, respectively, quality factors, Q = ν0/FWHM
(where ν0 and FWHM are the central frequency and the full-width at half maximum
of the Lorentzian) of 0.5± 0.2, 1.0± 0.7, and 1.5± 0.9, and total fractional rms ampli-
tudes of 8.9 ± 0.9, 8.3 ± 1.6, and 13.8 ± 2.2%. In Fig. 3.6 we show the power density
spectrum of this observation, together with the best-fitting model. The black solid
line is the total model, while the dashed, dotted and dashed-dotted lines in colour
show the individual components.
If the marginally significant Lorentzian at∼130 Hz is real, we can use it to put an

upper limit on the black-hole mass, as any frequency should be less than Keplerian.
For a Keplerian frequency of ν ≃ 130 Hz, at the inner edge of the accretion disc of

Rin ≃ 4 Rg, and ν = c3/(2πGM [R
3/2

in + a]) (Bardeen et al. 1972), with a the spin
parameter andM the mass of the black hole, we find an upper limit on the mass of
∼30M⊙. Given that most known BH binaries have mass around ∼10M⊙, then this
suggests that these fluctuations are indeed produced close to the black hole.

3.4 Discussion

The XMM-Newton/RXTE energy spectrum of XTE J1652−453 shows a broad and
strong Fe emission line with an equivalent width of ∼450 eV, which is among the
strongest ever seen from a black-hole candidate (see e.g. Rossi et al. 2005; Miller
et al. 2004b). The line is consistent with being produced by reflection off the accre-
tion disc, broadened by relativistic effects. The power spectrum from RXTE data
can be fit with two Lorentzians below 10 Hz, and shows an additional variability
component above 50 Hz. The simultaneous XMM-Newton/RXTE observations were
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Fig. 3.6: Power density spectrum of XTE J1652−453 using the RXTE/PCA data from the ob-
servation taken simultaneously with that of XMM-Newton (MJD 55065, RXTE ObsID 94432-
01-04-00). The plot shows the frequency×Fourier Power in units of squared rms fractional
amplitude versus frequency. The black solid line is the best-fitting model to the data using
three Lorentzians. The three Lorentzians are shown by the red dashed, green dot-dashed, and
blue dot-dot-dashed lines, respectively.

performed when XTE J1652−453was in the hard-intermediate state (HIMS; Méndez
& van der Klis 1997; Homan & Belloni 2005), as the outburst decayed from the disc
dominated high/soft state towards the low/hard state. Our high-resolution, broad-
band observations substantially increase the number of good datasets from this state
(Miller et al. 2004b, the other is GX 339−4). The strong line as well as the additional
component at high frequencies are both characteristic of the hard-intermediate state.
Miller et al. (2004b) show a Chandra grating spectrum of the black-hole candidate
GX 339−4, with a very similar continuum spectrum as XTE J1652−453, where the
line has an equivalent width of ∼600 eV. Klein-Wolt & van der Klis (2008) show that
there is an additional noise component at high frequencies in the HIMS, although it
is somewhat weaker than the component seen in our data. Power spectra taken in
the HIMS also typically show the strongest, most coherent, low-frequency QPO (e.g.
Klein-Wolt & van der Klis 2008). The lack of any such coherent low-frequency QPO
in our data may imply that we view the system at a rather low inclination angle.
This is consistent with the inclination inferred from fitting the Fe line profile with
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relativistic models.

Understanding the intermediate state is important as it marks the onset of the
spectral transition, and the appearance of the radio jet. While there is still debate
on the nature of the transition, most models currently explain it by the inner disc
evaporating into a hot coronal flow (see e.g. Liu et al. 2006; Meyer et al. 2000). The
intermediate state is therefore the one in which the disc is only slightly recessed
from the last stable orbit, so there is strong disc emission, but there is also strong
hard X-ray flux from the re-emerging hot flow. This geometry also predicts that
there should be strong reflection features, and that these should be strongly smeared
by relativistic effects. As the outburst declines further, the models predict that the
inner disc quickly recedes, being replaced by the hot flow. With the receding disc, the
solid angle subtended by the optically thick disc decreases, the amount of reflection
decreases, and the larger radius means that the line is less strongly smeared. These
models then suggest that the strongest and broadest Fe lines should be seen in the
intermediate states, where the disc is closest to the last stable orbit, but co-exists with
enough of the hard X-ray emitting corona to produce the required illumination of the
disc.

From low-resolution (RXTE) spectral monitoring it is indeed seen that for the
high/soft states, as there is very little hard X-ray emission illuminating the disc, the
Fe lines are generally weak, while they appear strongly at the intermediate states, as
coronal X-ray emission re-appear. The line width and strength then decrease as the
outburst declines (Gilfanov 2010). However, such low-resolution data cannot dis-
tinguish changes in the reflection broadening from changes in the ionization state,
and since the disc temperature and/or strength of the irradiation change, the ion-
ization state should also change. Even if there is no change in geometry, an increase
in disc temperature gives an increase in ionization state, and so the strength of the
consequent reflection features increases (Ross & Fabian 1993, 2007), as well as the
line width increases due to increased Compton broadening (e.g. Young et al. 2005).
Moderate to high resolution data show that the Fe lines are ionized in the intermedi-
ate state (e.g. Miller et al. 2004b, and our data), and are predominantly neutral in the
hardest low/hard state (e.g. Tomsick et al. 2009; Hiemstra et al. 2009).

The high-resolution, broadband spectrum of XTE J1652−453 allows us to sepa-
rately constrain ionization, solid angle and relativistic smearing. The ionization is
high with logξ ≃ 3.5, and the very broad Fe line requires strong relativistic effects.
The fits using a self-consistent reflection model giveRin ≃ 4 Rg corresponding to the
last stable orbit for a black hole of spin ∼0.5. This is a lower limit since we expect the
disc to be slightly recessed. None the less, the RXTE monitoring of XTE J1652−453
shows that the direct disc emission has similar temperature and normalization as in
the high/soft state earlier in the outburst (Markwardt et al. 2009b,a), supporting the
idea that the disc is very close to the last stable orbit in our data.

However, the fits with the self-consistent reflection model show clear negative
residuals at∼7.1 keV. This could correspond to a blue-shifted absorption line, such as
the ones that are often seen in high inclination systems (e.g. Kubota et al. 2007). This
absorption feature is not obviously apparent in the raw data, and it is only required
when the smeared REFLIONX model is used since the intrinsic Compton broadening
in this model predicts no sharp drop on the blue wing of the line (Done & Gierliński
2006). The REFLIONX model underestimates the Compton broadening as it calcu-
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lates the temperature of the disc from irradiation only, for kT of 0.1–0.3 keV (Ross
& Fabian 1993). This is obviously lower than the observed inner disc temperature

of 0.6 keV. The Compton broadened line width should be σ ∝ Eline

√

(2kTe)/(mec2)
≃ 0.32 keV for He-like Fe. This is negligible compared to the 1.7–2 keV broadening
implied by Rin ≃ 4 Rg, and should not significantly change the derived inner ra-
dius. The Compton broadening smooths out the sharp drop from the blue wing of
the line even more, and increases the mismatch with the data at ∼7.1 keV. Since the
model does not describe the data in detail, we should be cautious in interpreting the
reflection parameters in detail.

3.5 Summary

We observed the black-hole candidate and X-ray transient XTE J1652−453 simulta-
neously withXMM-Newton andRXTE. During this observation the source was in the
hard-intermediate state (Homan & Belloni 2005). We found a strong and asymmetric
Fe emission line in the X-ray spectrum of XTE J1652−453, with an equivalent width
of ∼450 eV, one of the strongest lines ever seen from a black-hole candidate. From
fits to only XMM-Newton/PN spectrum, the equivalent width is slightly lower,∼380
eV.

The line is also broad, giving an inner disc radius of ∼4 Rg, from either a single
LAOR line profile or from a self-consistent ionized reflection model. This implies a
spin parameter of ∼0.5, which is a lower limit as the disc may be slightly recessed
in this state. In any case, neither model fits the data well in detail. This is not at all
surprising for the single LAOR line as the line must be accompanied by a reflected
continuum. Be that as it may, the self-consistent ionized reflection model used here
incorporates all the known effects such as multiple lines and edges from the differ-
ent ionization states of Fe (and other elements), together with Compton broadening
(Ross & Fabian 2005), such that the line is intrinsically broad. The characteristic
skewed profile expected from a single narrow line is smeared out, so there is no
sharp drop in the model at the blue side of the line. However, the data clearly prefer
such a feature, indicating that even the best current reflection models may not be
able to describe the detailed shape of the Fe line seen in the spectrum of this state.

The Fourier power spectrum of the RXTE observation simultaneous with that
of XMM-Newton shows additional variability above 50 Hz. No coherent QPOs at
low frequency are accompanying this, which may suggest that we see the source at a
fairly low inclination angle. The 3.4σ (single trial) component at∼130Hz is too broad
to be the high-frequency QPO, but in case it is, and assuming that it reflects the Kep-
lerian frequency of the inner disc radius of∼4Rg (inferred from the line profile), then
the estimated upper limit on the black-hole mass is ∼30 M⊙. None the less, since
the source is in the hard-intermediate state rather than in the soft-intermediate state
where the high-frequency QPOs are occasionally seen (Klein-Wolt & van der Klis
2008), this additional high-frequency component may be a related feature at lower
frequencies and lower coherence, and it might be connected to the re-emergence of
the jet.
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3.6 Appendix: Choice of background and abundances

3.6.1 Background in PN timing mode

As can be seen in Fig. 3.7, the PN background spectrum (red) extracted from the XTE
J1655−453 observation, is contaminated with source photons (see Section 3.2.2.1 for
more details about the extraction criteria). Using this background spectrum leads
to an over-subtraction of the source spectrum and it may change the results of the
spectral analysis. To investigate whether the continuum and line parameters are
affected by the background correction, we performed three fits to the source spec-
trum of XTE J1652−453, using a different background correction in each fit. As a
first background correction (Model 1a) we used the background spectrum extracted
from the outer parts of the CCD of the same observation of XTE J1652−453 (RAWX in
[5:21]). This is the background spectrum contaminated with source photons. For the
second background correction (Model 1b) we extracted a spectrum from a so-called
blank-sky field observation that was taken with PN in timing mode, and as our last
correction (Model 1c) we did not subtract any background.

Since the background can be different in different parts of the sky, for a blank-sky
field we chose an observation taken in a direction close to that of XTE J1652−453;
we therefore used the observation of the neutron-star low-mass X-ray binary 4U
1608−52 (obsID 0074140201) taken just after an outburst, where the source had re-
turned to quiescence. From all the blank-sky field observations taken in a direction
close to XTE J1652−453, the one of 4U 1608−52 has the most similar NH value com-
pared with XTE J1652−453. Since in the observation of 4U 1608−52 the source was
still detectable, although it was faint, we extracted the background spectrum us-
ing the columns RAWX in [10:26], confirming that we do not include any columns
contaminated with source photons. In Fig. 3.7 we show the background spectrum
extracted from the 4U 1608−52 observation in blue. As can be seen from both back-
ground spectra in Fig. 3.7, there are emission features at ∼8 keV that are due to
fluorescence from the detectors and the structure surrounding them. The lines at
∼8 keV are the fluorescence lines of Cu-Kα and Zn-Kα (see the XMM-Newton Users
Handbook), and are time-dependent. Using a background spectrum from a different
observation than the source spectrum, as we do for 4U 1608−52,may cause an incor-
rect background subtraction at around ∼7–8 keV and may change the parameters of
a possible Fe line at ∼7 keV.
For the three spectral fits with different background corrections, we fit Model 1

to PN data only, covering the 1.3–10 keV range, and excluding the 1.75–2.25 keV
range. As described in Section 3.3.3, we added an EDGE at ∼9.2 keV. The results for
the different background corrections are given in Table 3.2.
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Fig. 3.7: Source and background spectra extracted fromXMM-Newton data with PN in timing
mode. The background and source spectra are all rebinned using the tool pharbn (see Sec-
tion 3.2.2.1). The black (top) spectrum is the source spectrum of XTE J1652−453, extracted from
the RAWX columns 30 to 46; the red (middle) spectrum is the background spectrum of XTE
J1652−453 using RAWX in [5:21]; and the blue (bottom) spectrum is the background spectrum
extracted from a ‘blank-sky field’ observation of 4U 1608−52 using the RAWX columns 10 to
26.

We set the abundances according to values reported in Anders & Grevesse (1989),
and we used cross sections of Verner et al. (1996). For the purpose of comparing dif-
ferent background corrections, the assumed abundances and cross sections are not
important. However, the best-fitting parameters and their physical interpretation
can be affected when different abundance/cross-section tables are used (see follow-
ing section). For comparison, in Table 3.2 we also give the best-fitting results of
Model 1c, where we instead used the abundances of Wilms et al. (2000) (Model 1d).

We find that for Models 1a–c (i.e., with abundances of Anders & Grevesse 1989)
all continuum parameters, except for NH, are consistent between the three different
background corrections. The column density in Model 1a is slightly higher than in
Models 1b and 1c. The DISKBB normalization is slightly lower in Model 1a than in
Models 1b and 1c, but is consistent within errors. The higher NH can be due to the
over-subtraction of the background, which also explains the lowerNdbb (see also Ca-
banac et al. 2009, for discussion aboutNH versusNdbb relation). We conclude that for
the case of XTE J1652−453 the choice of background correction has no effect on the
continuum and line parameters. However, the issue of a contaminated background
would be relevant if the DISKBB normalization is used to determine the inner disc
radius.

The χ2
ν given in Table 3.2 are relatively high, although the parameters obtained

from fits to only PN data are consistent with the fits to XMM-Newton/RXTE data,
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Table 3.2: Spectral-fitting results for different background corrections. Results are based on
spectral fits to PN data of XTE J1652−453 in the 1.3–10 keV range. Background corrections are:
background of XTE J1652−453 contaminated with source photons (Model 1a); background
of 4U 1608−52 (Model 1b), and no background subtracted (Model 1c & 1d). The flux is
unabsorbed and given for the 2–10 keV range, in units of erg cm−2 s−1. Cross sections are set
to Verner et al. (1996), and abundances to Anders & Grevesse (1989) for Models 1a–c, and to
Wilms et al. (2000) for Model 1d. Details about parameters are given in Section 3.3.3.

Component Parameter Model 1a Model 1b Model 1c Model 1d

PHABS NH × 10
22 4.75±0.03 4.66±0.04 4.64±0.03 6.78±0.03

DISKBB kTin (keV) 0.56±0.01 0.56±0.01 0.56±0.01 0.58±0.01

Ndbb 1299+95
−33 1428+95

−81 1390+52
−84 1060+24

−45

POWERLAW Γ 2.52±0.09 2.52±0.09 2.47±0.05 2.34±0.07
NΓ 0.33±0.06 0.33±0.06 0.30±0.06 0.23±0.04

LAOR EL (keV) 6.97+0
−0.02 6.97+0

−0.03 6.97+0
−0.04 6.97+0

−0.02

β 3.3±0.1 3.3±0.1 3.3±0.1 3.4±0.1

Rin (Rg) 4.01+0.25
−0.05 4.01+0.29

−0.46 4.01+0.23
−0.13 4.01+0.19

−0.07

θ (deg) 6.1+3.4
−5.0 4.4+6.3

−4.4 3.5+7.0
−3.5 5.1+2.9

−5.1

NL × 10
−3 1.2±0.1 1.2±0.3 1.2±0.1 1.3±0.1

EW (eV) 352+39
−24 348+73

−32 343+36
−29 375+29

−24

χ2
ν
(χ2/ν) 1.58 (261.0/165) 1.49 (246.6/165) 1.45 (240.0/165) 1.50 (247.4/165)

Total flux ×10
−9 8.99 9.31 9.28 8.87

where the reduced χ2 is acceptable. The contribution to the high χ2
ν is most likely

due to uncertainties in the detector calibration. An additional systematic error of
0.6% to all PN channels is sufficient to get a χ2

ν ≃ 1.

3.6.2 Abundances, cross sections and energy coverage

By investigating the effects of the different background corrections, we have used
different abundances than in the rest of our analysis. By comparing the best-fitting
results of Model 1d with those of Models 1a–c in Table 3.2, we find that the equiva-
lent hydrogen column density is ∼30% lower if we used the abundances of Anders
& Grevesse (1989) than if we used the abundances of Wilms et al. (2000). With the
change in NH, the DISKBB normalization is significantly affected, and with this the
other continuum parameters are slightly changed. Further, the best-fitting parame-
ters of Model 1d, although slightly different, are consistent with those for Model 1
(Table 3.1). In other words, fitting the continuum spectrum in a relatively narrow
band (1.3–10 keV, only PN) or in a wide-coverage (0.4–150 keV) did not change the
parameters significantly. However, fits to only PN data resulted in larger errors on
the POWERLAW parameters, and also resulted in a higher POWERLAW normalization
(although still consistent within errors) than for the broadband fits. With the higher
POWERLAW normalization the equivalent width of the Fe emission line is clearly
lower in the fits to PN data only than for the broadband fits. Nevertheless, for the
case of XTE J1652−453 we found that even for the different continuum parameters,
the Fe line parameters are not affected significantly. The best-fitting line parame-
ters are consistent for the different background corrections, abundances, and energy
coverage that we used.
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Reflection off the accretion disc in the

neutron-star system 4U 1636−531

—B. Hiemstra, A. Sanna, D. Altamirano, M. Méndez, T. Belloni & M. Linares—

The speed of dark: As yet unmeasured, but believed to be faster than light owing to its
ability to move so quickly out of light’s way.
— Terry Pratchett, The Science of Discworld—

Abstract: We present results of the spectral analysis of six observations, si-
multaneously taken with XMM-Newton and Rossi X-ray Timing Explorer, of the
neutron star low-mass X-ray binary 4U 1636−53, taken when the source was in
different spectral states. In order to study the Fe emission line detected in all six
observations, we used a relativistically smeared ionized reflection model and we
investigated which source of irradiation contributed to the reflection continuum
and the Fe emission line. We found that the line and the reflection spectrum of
4U 1636−53 can be described by two Comptonized components, originating from
the corona and from the neutron star surface or boundary layer. The two obser-
vations with the hardest spectra showed evidence that the emission of both the
boundary layer and the corona are reflectedwith a similar relative strength, while
for the soft-state observations the boundary layer appeared to be the main source
of irradiation. We further found that the direct emission from the disc, boundary
layer and corona generally evolved in a manner consistent with the standard ac-
cretion disc model, with the disc and boundary layer getting hotter, and the disc
moving inwards as the source changes from the hard to the soft state.

1Submitted toMonthly Notices of the Royal Astronomical Society
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4.1 Introduction

The X-ray spectrum of low-mass X-ray binaries (LMXBs) shows evidence of an ac-
cretion disc extending down close to the central object (see e.g. review by Done
et al. 2007), where the disc is optically thick and geometrically thin, and is charac-
terized by a thermal spectrum with typical temperatures of 0.2–1 keV (Shakura &
Sunyaev 1973). The thermal disc photons are Compton upscattered in a hot coronal
gas surrounding the disc and compact object, giving rise to the hard component usu-
ally seen in the spectrum (e.g. Barret et al. 2000, and references therein). However,
a fraction of these Comptonized photons is backscattered and irradiates the accre-
tion disc. After being absorbed, reprocessed and re-emitted, these photons produce
a reflection spectrum consisting of a continuum plus a complex line spectrum (see
review by Fabian & Ross 2010). Due to the high fluorescence yield and abundance,
an important feature of the reflection spectrum is the Fe Kα line at ∼6–7 keV. As
a result of disc rotation and relativistic effects near the compact object, the reflec-
tion spectrum is blurred with the Fe line being asymmetrically broadened (Fabian
et al. 1989). As the disc moves closer to the central compact object, the relativistic
effects become stronger, and consequently, the red wing of the Fe line – mainly set
by the gravitational redshift at the inner edge of the disc – extends to lower ener-
gies. Hence, modelling of the iron line profile allows us to measure the size of the
inner disc radius, which probably determines other spectral and timing properties
of the source (like disc temperature, characteristic frequency of the variability). If
the compact object is a black hole (BH), modelling of the Fe line profile in the disc-
dominated spectral state provides an estimate of the BH spin (see e.g. Miller 2007;
Reynolds & Fabian 2008), assuming that the disc is truncated at the innermost stable
circular orbit (ISCO) and both the disc and the equatorial plane of the BH are in the
orbital plane. In case of a neutron star (NS), a measurement of the inner edge of the
disc sets directly an upper limit on the NS radius as the inner disc radius has to be
larger than, or equal to, the equatorial radius of the star (see e.g. Bhattacharyya &
Strohmayer 2007; Cackett et al. 2008).

Since the first detection of a broad and asymmetric Fe emission line in the Seyfert-
1 galaxyMCG−6−30−15 (Tanaka et al. 1995), many similar lines have been observed
in BH systems, both in Active Galactic Nuclei (AGN) and in X-ray binaries (see re-
views by Fabian et al. 2000; Miller 2007). In all cases the line appears to be produced
very close to the BH. Broad Fe lines are also detected in NS systems although, since
they are weaker than in BH systems, it was for a long time not possible to fit the lines
with relativistic models (see e.g. Asai et al. 2000; Piraino et al. 2000); these lines were
however modelled with a Gaussian profile. With instruments like Chandra, XMM-
Newton and Suzaku, relativistically broadened Fe emission lines have now also been
observed in many NS LMXBs (e.g. Cackett et al. 2008; Pandel et al. 2008; di Salvo
et al. 2009; Cackett et al. 2010; see also Ng et al. 2010 for an almost complete list of
NS LMXBs with Fe lines detected with XMM-Newton).

Relativistically broadened Fe lines in NS spectra are usually fit using a phe-
nomenological model for either a Schwarzschild or (maximum) Kerr metric, where
the underlying continuum is modelled with a variety of direct emission components
(see e.g. Bhattacharyya & Strohmayer 2007; Pandel et al. 2008; Cackett et al. 2008).
However, as the Fe emission line is a reflection signature, it should be accompanied
with a reflection continuum extending over a wide bandpass; at the same time, the
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line and its reflection continuum should self-consistently determine the ionization
balance of the disc and include Compton scattering (e.g. George & Fabian 1991; Ross
& Fabian 1993; Ross et al. 1999). An inappropriate modelling of the underlying con-
tinuum, as well as not including any of these processes in the analysis, could lead
to incorrect results from the line modelling. Therefore, a self-consistent ionized re-
flection model should be used to study the continuum and Fe emission line in the
spectra of LMXB. (Note that, depending on the quality of the data, reflection and
phenomenological models could describe the data equally well, even leading to rea-
sonable results for the phenomenological model, see e.g. Cackett et al. 2010.) Fur-
thermore, the shape of the reflection spectrum not only depends on the ionization
state of the surface layers of the disc, but it also depends in detail on the emission
illuminating the accretion disc. Comptonized emission from the disc corona is the
commonly assumed source of irradiation, but in the case of an accreting NS, the
emission from the stellar surface, or boundary layer, can be as well irradiating the
accretion disc. Cackett et al. (2010) have studied a number of broad Fe emission lines
in NS LMXBs where they used a blurred reflection model in which the black-body
component – used to mimic the emission from the boundary layer – was assumed to
be the incident emission. Cackett et al. (2010) found that this model fits the data well
in most cases, supporting the idea that the boundary layer is indeed illuminating the
disc. In our analysis, we further tested whether a disc corona or boundary layer is
the more likely source of irradiation.

To study how the emission from the boundary layer may contribute to the Fe
line and the reflection continuum, we analysed six observations of the NS-LMXB 4U
1636−53, taken with the XMM-Newton and the Rossi X-ray Timing Explorer (RXTE)
satellites simultaneously. Besides the direct emission components, we fit these data
with a relativistically-smeared ionized reflection model in which we investigated
different sources of irradiation. In what follows, we first introduce the source 4U
1636−53, focusing on quantities relevant for this chapter. In Section 4.2 we give
details on the data used, and the procedure we followed to reduce them. We partic-
ularly describe our strategy to minimise the pileup effects on the XMM-Newton data,
as not correcting for pileup effects leads to a wrong flux measurement and an incor-
rect energy distribution. In Section 4.3 we describe the reflection model, and explain
the specific aspects of the spectral analysis; Here we also summarise the most impor-
tant findings. We discuss our results and their implication on the standard accretion
disc model in Section 4.4. There we also address the impact of the stellar surface, or
boundary layer, on the reflection spectrum for the different spectral states, and we
finally summarise our results in Section 4.5.

4.1.1 4U 1636−53

Since its discovery in 1974 (Willmore et al. 1974; Giacconi et al. 1974), 4U 1636−53 has
been observed over a wide range of wavelengths. Photometry of the optical coun-
terpart (V801 Ara) revealed a short orbital period of ∼3.8 hr and a companion star
with a mass of ∼0.4 M⊙ (van Paradijs et al. 1990; Giles et al. 2002). X-ray studies of
4U 1636−53 have shown a variety of rapid time variability, including i) thermonu-
clear X-ray bursts (e.g. Hoffman et al. 1977; Galloway et al. 2006; Zhang et al. 2011),
confirming the presence of a NS as the compact object, ii) millisecond oscillations
during the X-ray bursts, indicating a spin frequency of ∼581 Hz (Zhang et al. 1997;
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Giles et al. 2002, later confirmed by Strohmayer & Markwardt 2002), and iii) kHz
quasi-periodic oscillations (kHz QPOs, e.g. Wijnands et al. 1997; Belloni et al. 2007).
From Eddington limited X-ray bursts, assuming a NS mass of 1.4 M⊙ and a stellar
radius of 10 km, Galloway et al. (2006) estimated the distance to 4U 1636−53 to be
6.0±0.5 kpc. Combining burst oscillations with phase-resolved optical spectroscopy
of 4U 1636−53, Casares et al. (2006) estimated the mass function and mass ratio to
be f(M) = 0.76 ± 0.47M⊙ and q = 0.21–0.34, respectively, where q = M2/M1 with
M2 the mass of the donor and M1 the mass of the NS. They also showed that for a
0.48M⊙ donor, the NS mass is 1.6–1.9M⊙ and the inclination i ≃ 60–71◦. The latter
result is in conflict with the model of Frank et al. (1987) as the lack of X-ray dips
in the light curve of 4U 1636−53 sets an upper limit on the inclination of i ≤ 60◦.
However, in this model the derived upper limit for the inclination depends on the
location where the dips are formed, and since the exact geometry is not known the
minimum inclination to observe dips could be slightly larger. On the other hand, the
inclination could not be larger than ∼75◦ since this would probably cause eclipses
which are not seen in this source.

4U 1636−53 is a persistent X-ray source, although varying in intensity up to a fac-
tor of 10, following a narrow track in the colour-colour diagram (CD) and hardness-
intensity diagram (HID; Belloni et al. 2007; Altamirano et al. 2008) with a ∼40-days
cycle (Shih et al. 2005; Belloni et al. 2007). The transition through the CD (or HID)
is thought to be induced by changes in the mass accretion rate. The two distinct
spectral states (hard, in the top right of the CD, and soft, at the bottom of the CD)
are attributed to a different accretion flow configuration. In the soft state, where the
X-ray intensity is high, the disc is hot and ionized with an inner radius extending
down to the ISCO (or down to the stellar surface in case the ISCO is within the NS,
see e.g. Done et al. 2007). As the intensity gradually declines, the mass accretion rate
eventually becomes too low to ionize the full accretion disc. The outer disc regions
cool down, the viscosity decreases, and the overall mass accretion rate is reduced.
Eventually, the accretion disc at the inner regions gets exhausted, leading to a reced-
ing inner edge and the X-ray intensity reaching its minumum. The inner regions are
likely replaced by a hot corona, causing the spectrum to become harder, which is
the characteristic that defines the hard state. In the mean time, the secondary keeps
transferring mass to the disc causing the density and temperature to increase, hence
enhancing the viscous stress, and the accretion rate increases again. Eventually the
disc gets ionized, the source rebrightens andmakes a transition to the soft state. Shih
et al. (2005) have shown that this rebrightening cycle for 4U 1636−53 of ∼40 days is
consistent with the viscous time-scale in the outer disc.

High signal-to-noise and moderate-resolution spectra of 4U 1636−53 revealed
broad, asymmetric Fe emission lines. Pandel et al. (2008) analysed three XMM-
Newton/RXTE observations, once when the source was in the transitional state (be-
tween the hard and the soft state), and twice when it was in the soft state. In all
three spectra they found that the Fe line profile is consistent with a relativistically
broadened line coming from the inner disc, which appeared to be at the ISCO for a
non-rotating NS. This finding was partly contested by Cackett et al. (2010) who fit
the same spectra with a blurred reflection model that includes effects like Compton
broadening and line emission from relevant elements. Cackett et al. (2010) showed
that fitting the spectrum with a self-consistent reflection model resulted in slightly
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larger values for the inner disc radius than when the spectrum was fit with the phe-
nomenological DISKLINE model (Fabian et al. 1989) used by Pandel et al. (2008).
None the less, both the results of Pandel et al. (2008) and Cackett et al. (2010) are
based on data which were not corrected for pileup effects. As demonstrated by Ng
et al. (2010), re-analyses of the sameXMM-Newton data considering pileup and back-
ground effects, suggested a different iron line profile. Ng et al. (2010) found that the
Fe lines in the three spectra of 4U 1636−53 used by Pandel et al. (2008) appeared
to be symmetric and could be well fit with a Gaussian profile, although, due to the
statistics, a relativistic origin of the line could not be excluded. However, Ng et al.
(2010) did not include the simultaneous RXTE data in their fits, which likely re-
sulted in a mismodelling of the underlying continuum as the high-energy emission
was not properly taken into account. Triggered by the debate about the Fe line in 4U
1636−53, we analysed new XMM-Newton/RXTE observations of 4U 1636−53, and
re-analysed the previous XMM-Newton/RXTE data of 4U 1636−53. We carefully cor-
rected for instrumental effects, used a wide bandpass spectrum (0.8–120 keV), and
fit a relativistically blurred ionized reflection model which self-consistently includes
Compton broadening. Additionally, for the first time in Fe line studies, we investi-
gated the contribution of different sources of disc illumination that could produce
the reflection spectrum, and their contribution in the different spectral states.

All together, 4U 1636−53 is an interesting source exhibiting several features that
could be used to constrain key parameters like the NS mass and radius, as well as
to test the standard NS accretion picture described by the colour-colour diagram.
Comparing the properties of the Fe line as a function of spectral state – or even more
specifically with the general properties of the spectrum like luminosity, black-body
temperature of disc and boundary layer – may help us to constrain the origin of the
line emission region. Furthermore, kHz QPOs are seen to vary in frequency depend-
ing on the spectral state of the source (see e.g. Belloni et al. 2007; Altamirano et al.
2008). Therefore, connecting the position in the CD with the Fe line properties and
the kHz-QPO frequencies, may help to break the degeneracy in the models used to
explain the spectral and timing features in accreting NS systems. In this chapter,
however, we focus on the spectral analysis and the Fe line properties as this requires
a careful investigation. In a companion paper (Sanna et al. 2012, in prep.) we com-
bine the results of the spectral analysis presented in this chapter with the timing
analysis of the simultaneous RXTE observations.

4.2 Observations and data reduction

4U 1636−53 was observed with XMM-Newton for nine times in the last eleven years
(between 2000 and 2009). The first two observations were taken with all CCD cam-
eras operated in imaging mode and were strongly affected by pileup. In the other
seven observations, of all the CCD cameras only the EPIC-pn (hereafter PN; Strüder
& et al. 2001) camera was on, operated in timing mode. In this mode one of the di-
mensions of the CCD is compressed into one single row, whereby the read-out time
and the pileup are reduced. In our spectral analysis we only used the XMM-Newton
data taken with PN in timing mode. We did not include the high-resolution data
from the Reflection Grating Spectrometer since its energy range does not cover the
Fe band. We note that the XMM-Newton observation taken on March 14, 2009 had a
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Table 4.1: XMM-Newton/RXTE observations of 4U 1636−53 used in our analysis.

Observation Instrument Identification Nr. Start Date Start Time Exposure(ks)⋆

Obs. 1 XMM-Newton 0303250201 29-08-2005 18:24:23 25.7
RXTE 91027-01-01-000 16:35:28 26.2 (PCA)

9.0 (HEXTE)
Obs. 2 XMM-Newton 0500350301 28-09-2007 15:44:56 14.3

RXTE 93091-01-01-000 14:47:28 26.9 (PCA)
8.8 (HEXTE)

Obs. 3 XMM-Newton 0500350401 27-02-2008 04:15:37 34.7
RXTE 93091-01-02-000 03:46:56 25.3 (PCA)

8.3 (HEXTE)
Obs. 4 XMM-Newton 0606070201 25-03-2009 22:59:30 23.8

RXTE 94310-01-02-03 23:00:32 1.9 (PCA)
RXTE 94310-01-02-04 26-03-2009 00:39:28 1.6 (PCA)
RXTE 94310-01-02-05 02:17:36 1.4 (PCA)
RXTE 94310-01-02-02 03:54:24 1.3 (PCA)

2.2 (HEXTE)a

Obs. 5 XMM-Newton 0606070301 05-09-2009 01:57:03 32.8
RXTE 94310-01-03-000 01:17:36 16.6 (PCA)
RXTE 94310-01-03-00 08:20:32 7.3 (PCA)

7.6 (HEXTE)a

Obs. 6 XMM-Newton 0606070401 11-09-2009 08:48:11 21.1
RXTE 94310-01-04-00 08:42:24 18.4 (PCA)

5.7 (HEXTE)a

⋆ Final exposure time after excluding X-ray bursts, detector drops, and background flares;
see Section 4.2.1 and 4.2.2 for more details.

a Total exposure time of the combined HEXTE data; see Section 4.2.2 for more information.

flaring high-energy background during the full ∼40 ks exposure, and we therefore
did not include this observation in our spectral analysis.
Since 1996 RXTE observed 4U 1636−53more than a 1000 times; fromMarch 2005

the source was regularly observed for ∼2 ks every two days (for the first results of
this monitoring campaign see Belloni et al. 2007). For our spectral analysis we only
included the ten RXTE observations that were taken simultaneously with XMM-
Newton. In Table 4.1 we give an overview of the observations, labelled in a chrono-
logical order. Using the pointed RXTE/PCA observations of the last ∼5 years, in
Fig. 4.1 we show the long-term light curve of 4U 1636−53 on which we marked the
moments of the XMM-Newton observations used in this chapter.

4.2.1 XMM-Newton data reduction

For the XMM-Newton data reduction we used the tasks of the Science Analysis Sys-
tem (SAS) version 10.0, applying the latest calibration files (xmmsas 20100423). We
used the meta-task epproc to generate the concatenated and calibrated PN event
files. We corrected for rate-dependent charge transfer inefficiency (CTI) effects using
the task epfast, and we filtered out X-ray bursts, telemetry drops, and intervals of
flaring high-energy background. For the latter, we excluded time-intervals in which
the 10–12 keV count rate for single events (PATTERN = 0) was larger than 1 cts s−1.
We generated a time-averaged source spectrum per observation, using single and
double events only (PATTERN ≤ 4), excluding events at the edge of the CCD and
at the edge of a bad pixel (FLAG = 0), and using events within a 17-column wide
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Fig. 4.1: Long-term light curve of 4U 1636−53 based on pointed RXTE/PCA observations of
the last ∼5 years. The intensity is the 2–16 keV Crab normalized PCA count rate (see Sec-
tion 4.2.3). The numbered points mark the six XMM-Newton observations, with the numbers
corresponding to the observations given in Table 4.1.

box, centred on the source position, for which the central 3 columns were excised
in order to correct for pileup effects (removing ∼70% of the source photons). We
excised the central 5 columns for Obs. 2 and Obs. 3 (removing ∼90% of the source
photons; see Section 4.2.1.1 for details). We generated the response matrices using
the task rmfgen. Following the recommendations given in the SAS User guide2

(Chapter 4.6.1) for piled-up observations in timing mode, we produced the ancillary
response files using the task arfgen. For PN timing mode observations, the point
spread function (PSF) of the telescope extends further than the CCD boundaries,
and extracting the background spectrum from the outer regions of the CCD leads
to a spectrum contaminated with source photons (see Hiemstra et al. 2011; Ng et al.
2010, for a discussion on contaminated background spectra). To model the back-
ground, we extracted a spectrum from the outer region of the CCD (RAWX in 5–20)
of a “blank field” observation instead. Based on similar sky coordinates and column
density along the line of sight, we used the timing mode observation of the BH GX
339−4 (ObsID 0085680601), in which the source was not significantly detected, as our
“blank field” for all six XMM-Newton observations. Finally, we rebinned the source
spectra such that we oversampled the PN energy resolution by a factor of 3 ensuring
that we have a minimum of 25 counts per bin.

4.2.1.1 Pileup correction for PN data

Even if the average PN count rate in the six observations (excluding the X-ray bursts)
was below the critical pileup level of 800 cts s−1 (see XMM-Newton User handbook),
we inspected the spectra for pileup effects as it is known that pileup can also occur
at lower count rates (see e.g. Ng et al. 2010). In addition to the spectra created for
the full 17-column wide box centred on the source position, we extracted spectra se-
lecting the same events as before but now excising the central 1, 3, 5 and 7 columns,
respectively. We then used the task epatplot to determine whether each of these
spectra have significant pileup. For Obs. 1 (with a count rate of ∼250 cts s−1), we
found that excising only the single central column was sufficient to reduce signifi-

2http://xmm.esac.esa.int
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Fig. 4.2: Data/model ratios for different extraction regions used to generate the PN spectra.
Each panel shows the residuals of the simultaneous fit to PCA (red, 3–20 keV) and PN (0.8–
11 keV) spectra for Obs. 1. In the top panel we show the PN spectra (green) extracted from
the full 17-column wide box centred on the source position, which was significantly affected
by pileup effects according to epatplot. In the panels below, from top to bottom, we show
the PN spectra extracted from the same 17-column wide box, but now excluding the central
one and three columns (in blue and black, respectively). The PCA spectra is the same in all 3
panels. We modelled the continuum with three components to fit for the direct emission from
the disc, boundary layer, and corona. Not to be misled by the Fe emission line present in the
data, we fit the continuum while excluding the Fe energy band (4.5–8.8 keV). The residuals
are represented after we noticed the Fe channels again. For graphical purposes we rebinned
the PN spectra by a factor of 4.

cantly the pileup effects. For the other five (> 300 cts s−1) observations, we needed
to excise the 3 central columns to correct for pileup.
As an extra investigation to test for possible residual pileup in the PN data,

we compared the above mentioned pileup corrected spectra with the simultaneous
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RXTE/PCA spectra (see Section 4.2.2 for details on the RXTE data reduction). In
case the PN spectrum is still affected by pileup, this would become visible as an
energy-dependent deviation between PCA and PN (after fitting the XMM-Newton
and RXTE spectra simultaneously), with the PN spectrum being relatively harder
than the PCA spectrum. We found that for Obs. 1–3, even after removing the central
column(s), the PN data deviated from the PCA data, with the deviations increasing
with increasing energy, implying that these data were still affected by pileup. For
these observations we generated again the PN spectra as before, but now excising
two more central columns (i.e. with 3 columns for Obs. 1, and 5 columns for Obs.
2 and Obs. 3). To give an example, in Fig. 4.2 we show the data/model ratios for
Obs. 1 after fitting the spectrum with a three-component direct emission continuum
model (for the disc, the boundary layer and the corona) while we excluded the Fe
energy band (4.5–8.8 keV). After we noticed the Fe channels again, each panel shows
the residuals in the PN and PCA spectra produced for different extraction regions.
The top panel in Fig. 4.2 shows the PN spectrum that was significantly affected by
pileup (according to epatplot), and a clear deviation between the PCA and PN
spectra is apparent around the Fe band. A similar deviation is visible in the middle
panel, where we show the PN spectrum extracted from the region for which only
the single central column was excised. In the PN spectrum in the bottom panel, for
which 3 columns were excised, the deviation is clearly reduced, suggesting that it
was likely caused by residual pileup. Note that the deviation between the PN and
PCA data in the Fe line bandpass still evident in the bottom panel, is due to the dif-
ference in the effective area of both instruments. Summarising, to correct for pileup
effects (significant and residual) we excised the central 3 columns for Obs. 1, Obs.
4–6, andwe excised 5 columns for Obs. 2 and Obs. 3. Our extraction regions for Obs.
1–3 are more conservative in comparison with the regions used in previous analysis
of the same data. Pandel et al. (2008) did not excise any central column, and the
spectra were therefore strongly affected by pileup, while Ng et al. (2010) excised 0,
1, and 3 central columns for the three observations, respectively, and thus corrected
for the significant pileup but possibly not for the residual pileup. In Section 4.4.1.2
we discuss how the different pileup corrections affect the spectral results.

It should be noted that we may have reached the limits of our current under-
standing of the reconstructed pattern distribution and energy dependence of the PSF
in the timing mode (applied when using epatplot and epfast for example). The
deviation between the PN and PCA spectra above ∼9 keV may not be due to resid-
ual pileup, although it still seems to depend on count rate as the deviation decreases
with the source intensity decreasing. However to be conservative regarding pileup
effects, in our analysis we used the spectra generated from the extraction region that,
according to us, corrects both the significant and residual pileup effects.

4.2.2 RXTE data reduction

For the RXTE data reduction we used the HEASOFT tools version 6.10, following
the recipes in the RXTE cook book3. Applying the standard screening criteria and
excluding time-intervals of detector drop-outs and X-ray bursts, we used the tool
saextrct to extract the PCA spectra from Standard-2 data, where we only included

3http://heasarc.gsfc.nasa.gov/docs/xte/recipes/cook book.html
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Fig. 4.3: Hardness-Intensity diagram (left-hand panel) and colour-colour diagram (right-hand
panel) of 4U 1636−53. Each grey point represents the averaged Crab-normalized colours and
intensity per observation, for a total of 1281 observations (see text in Section 4.2.3 for details).
The numbered black points mark the position of the six XMM-Newton observations, with the
numbers corresponding to the observations given in Table 4.1.

events from the third proportional counter unit (PCU2) being this the best-calibrated
detector. We corrected for PCA deadtime, and applied a 0.6% systematic error to the
PCA data. The PCA background was estimated with the tool pcabackest and the
response files were generated using pcarsp. After excluding detector drop-outs
and X-ray bursts, we produced the HEXTE spectra for cluster-B events only, using
the script hxtlcurv. With the tool hxtrspwe generated the HEXTE response files.
No systematic errors were added to the HEXTE data. For the observations starting
on March 25 and September 5, 2009 (Obs. 4 and Obs. 5, respectively), RXTE did not
cover the full XMM-Newton observation but several shorter exposures were taken
instead. In order to improve the poor HEXTE statistics for Obs. 4 and Obs. 5, we
combined the individual HEXTE spectra with the tool sumpha. Nevertheless, in our
analysis we used the individual PCA data for these two observations. Net exposures
of the final used PCA and HEXTE data are given in the last column in Table 4.1.

4.2.3 Intensity and Colours of 4U 1636−53

We calculated X-ray colours and intensity of 4U 1636−53 using the Standard-2 PCA
data. The intensity represents the 2–16 keV count rate, and soft and hard colours
are defined as the count rate ratio in the energy bands 3.5–6.0 keV / 2.0–3.5 keV
and 9.7–16.0 keV / 6.0–9.7 keV, respectively. To obtain the exact count rate in each
of these energy bands we interpolated linearly in channel space. To correct for the
gain changes and differences in the effective area between the PCUs, as well as to
correct for the differences due to changes in the channel-to-energy conversion of
the PCUs as a function of time, we normalized by the Crab Nebula values obtained
close in time to our observations (for details see Kuulkers et al. 1994; Altamirano
et al. 2008). We finally averaged the normalized colours and intensity per PCU for
the full observation using all available PCUs.
In Fig. 4.3 we show the HID and CD of 4U 1636−53, with each point representing

the average intensity, hard and soft colours per observation for a total of 1281 obser-
vations, up to May 2010. In these diagrams we also mark the position of the source
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at the time of the XMM-Newton observations. Based on the position of the source
in both diagrams, we concluded that Obs. 1 and Obs. 6 are in the hard state, also
referred to as the transitional state (Lin et al. 2007), characterized by a relatively high
hard colour and low X-ray intensity. The positions of Obs. 2–5 are consistent with the
soft state (van der Klis 2006; Lin et al. 2007), where both colours almost reach their
minimum values and the X-ray intensity is moderate. Following Lin et al. (2007),
in the rest of this chapter we refer to Obs. 1 and Obs. 6 as the transitional-state
observations, and we refer to Obs. 2–5 as the soft-state observations.

4.3 Spectral analysis and results

For the spectral fitting of the XMM-Newton/RXTE data of 4U 1636−53, we used
XSPEC version 12.5.1 (Arnaud 1996). To study the evolution of the Fe emission line
and its underlying continuum as a function of the spectral state, we fit each of the
individual observations with a relativistically smeared reflection model in addition
to the direct emission components (see following sections for the model description).
In order to study the Fe line properly, we need to have a well-defined continuum on
both sides of the Fe bandpass. For that reason we fit the XMM-Newton/RXTE spectra
in the 0.8–120 keV bandpass, with PN covering the 0.8–10 keV range, PCA taken in
the 3–25 keV band (except mentioned differently), and HEXTE covering the 20–120
keV range. Spectral uncertainties are given at 90% confidence (∆χ = 2.706 for a
single parameter).
In all our fits we included a PHABS component to account for interstellar absorp-

tion, with the equivalent hydrogen column density,NH, free to vary. For this compo-
nent we used the abundances and photo-electric cross section of Wilms et al. (2000)
and Verner et al. (1996), respectively. Additionally, to account for flux calibration
disparities between the different instruments, we added a multiplicative constant to
the model in all our fits.

4.3.1 Spectral model

4.3.1.1 Direct emission

Spectral modelling of accreting NSs is inconclusive with a variety of spectral mod-
els fitting the data equally well. Lin et al. (2007) have recently explored different
possibilities and constructed a hybrid model to describe the different spectral states.
In their description, the hard-state continuum (i.e. in the extreme right top in the
CD) consists of a single-temperature blackbody describing the NS surface or bound-
ary layer, plus a (broken) power law to mimic the Comptonized emission from the
corona. For the soft and transitional states, the spectrum can be described by two
thermal components originating from the disc and the boundary layer, plus a power
law to model the Comptonized component.
In this work we used a multicolour disc blackbody (DISKBB; Mitsuda et al. 1984)

to fit the thermal emission from the accretion disc. This component was required
by the fits in all six observations, in agreement with Lin et al.’s continuum model
for X-ray states of NS transients. To model the Comptonized emission from the hot
electron gas surrounding the accretion disc and NS, we used a power law with an
exponential cut off at high energies (CUTOFFPL) to describe the curvature in the hard
tail of the spectrum. In the transitional-state observations, the energy at which the
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power law exponentially cuts off was above 50 keV, and was generally much higher
than for the soft-state observations (with the exception of Obs. 2 where the CUTOFFPL
was not well-constrained, see discussion in Section 4.4.1.4). For the soft-state obser-
vations (except Obs. 2), we found that the cut-off energy was close to the energy of
the Fe emission line. To investigate whether this may affect the Fe line profile, we fit
the spectra again fixing the cut-off energy to a set of different values. Details of these
fits are given in the appendix (Section 4.6). We found that a cut-off energy close to,
or in the bandpass of, the Fe emission line does not significantly affect the parame-
ters derived for the Fe line. Shifting the cut-off energy in the 10–20 keV range, only
caused a modification in the other continuum parameters. So we concluded that the
Fe line profile is robust with respect to changes in the cut-off energy.

The thermal emission from the neutron star can be either modelled with a single-
temperature blackbody, as suggested by Lin et al. (2007), or with a thermal Comp-
tonization component (COMPTT; Titarchuk 1994). Since the thermal photons from
the stellar surface are likely to be Comptonized in the boundary layer (or in the NS
atmosphere), we used the COMPTT component in all our fits.

Additionally, the emission coming from the inner parts of the accretion disc, close
to the NS, may be modified by relativistic effects. For a rotating NS, these effects are
similar as for a spinning BH (Miller et al. 1998) and are described by a Kerr metric
characterized by the dimensionless angular momentum, a∗ = cJ/(GM2). For the
case of a NS, the metric also depends on the internal structure of the NS, set by the
equation of state (EoS), which is unknown. However, the spin parameter for a NS
can be approximated as a∗ = 0.47/P [ms] (Braje et al. 2000). For 4U 1636−53, with
ν = 581 Hz (Strohmayer & Markwardt 2002), the spin parameter is ∼0.27. This
value is consistent with what Miller et al. (1998) found where, for a 500 Hz rotating
NS, a given EoS, and a NS mass of 1.4 M⊙, the spin parameter is ∼0.23. Scaling this
value up to a rotation of 581 Hz gives a∗ ≃ 0.27. To test whether the direct disc
emission in the spectrum of 4U 1636−53 was significantly affected by relativistic
effects we tried, instead of the DISKBB, a multi-temperature blackbody model for
a thin, general relativistic accretion disc in a Kerr metric, which also includes self-
irradiation (KERRBB; Li et al. 2005). However, using the KERRBB, assuming a distance
of 6.5 kpc, a NS mass of 1.4 M⊙, and a∗ = 0.27, did not significantly improve the fit.
Therefore, in the rest of our analysis we only used the DISKBB component to fit the
direct disc emission.

4.3.1.2 Reflection off an ionized disc

When X-rays irradiate an optically thick material such as the accretion disc, they
produce a reflection spectrum including fluorescence lines, recombination and other
emission (see e.g. Fabian et al. 1989; Ross & Fabian 1993). When the illuminating flux
is high enough (possibly combined with the thermal black-body radiation intrinsic
to the accretion flow) the surface of the accretion disc is expected to be ionized. The
ionization state of the reflecting material determines the shape of the reflection spec-
trum (e.g. Ross & Fabian 1993), and thus it is important to solve for the thermal
balance of the disc. Several ionized reflection models are publicly available within
XSPECwhich self-consistently compute the ionization and thermal balance according
to the radiation field. In our analysis we used the REFXION model, which is an up-
dated version of the code in Done &Gierliński (2006), using the Ross & Fabian (2005)
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reflection atables. The REFXIONmodel can be used with any input continuum and
has therefore the advantage of not having a fixed exponential cut-off in the illumi-
nating power law at 300 keV as in the model of Ross & Fabian (2005). Furthermore,
REFXION includes lines and edges of the most important elements and ions which
are Compton and thermal broadened depending on the ionization state. Since the
reflection spectrummay be further smeared by relativistic effects in the inner regions
of the accretion disc, we convolved the reflected emission with a Kerr-metric ker-
nel which includes all relativistic effects (KERRCONV; Brenneman & Reynolds 2006),
where we fixed the spin parameter to 0.27.

In most X-ray sources the incident emission for the reflection spectrum is gen-
erally a hard power-law spectrum. However, in NS systems, the emission coming
from the stellar surface or boundary layer may contribute as well. As the shape of
the reflection continuum also depends on the incident emission, it is important to
investigate the different possible sources of irradiation. Using REFXION as reflec-
tion model allowed us to investigate the contribution of different incident emission
components. In this work we explored how the corona and the boundary layer con-
tributed individually to the reflection spectrum. Details on the specific parameters
and their settings are given in Section 4.3.2, and the results are discussed in Sec-
tion 4.3.3.

We note that the iron line complex self-consistently incorporated in REFXION can-
not match the simultaneous PN and PCA spectra below ∼9 keV in Obs. 4 and Obs.
5. The reason for this is that the XMM-Newton exposure of Obs. 4 was only covered
by four short RXTE observations (each of them lasting ∼1.5 ks) whereby, likely due
to the poor statistics, the PCA data did not show a significant Fe emission line, while
the XMM-Newton data clearly revealed one. In the case of Obs. 5, RXTE covered
most of the XMM-Newton observation, but the data were split into two parts (see
Table 4.1). The first part (ObsID 94310-01-03-000) did not show a significant Fe line,
while the second part (ObsID 94310-01-03-00) did. Therefore, instead of using the
PCA data in the 3–25 keV range, we used the 9–25 keV bandpass for those cases
where the Fe line was not significantly detected in the PCA data in Obs. 4 and Obs.
5. We used the 5–25 keV PCA data for the second part of Obs. 5, where the Fe line
was detected.

4.3.1.3 Residual absorption and emission features

After fitting the spectra with the ionized reflection model, including relativistic blur-
ring and direct emission components, the XMM-Newton data still showed some nar-
row residuals at low energies. Besides the commonly seen residuals at the instru-
mental Si-K and Au-M edges at ∼1.8 keV and ∼2.2 keV, respectively, there are a few
other clear features apparent in the residuals. All six observations showed narrow
absorption features at ∼0.9 keV and at ∼1.5 keV (except in Obs. 1 where the latter
feature was not apparent). Taking into account the moderate PN energy resolution
(∼70 eV at 1 keV), the ∼0.9 keV feature could be due to absorption of Ne IX (0.905
keV) or Fe XVIII (0.873 keV), and may possibly be of astrophysical origin. The en-
ergy of the ∼1.5 keV feature is either consistent with the Fe XXI–XXIV blend or with
the Al-K edge. By inspecting the response matrix of each of the PN data, we found a
strong Al-K edge at ∼1.56 keV, suggesting that this feature is likely an artefact of the
PN calibration. Obs. 1 also showed an emission feature at ∼1.22 keV, which could
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be consistent with Ne-X (1.211 keV), and an absorption feature at ∼3.12 keV, which
could either be Ar XVII or S XVI. Further, Obs. 5 showed an emission feature with a
best-fitting central line energy of ∼1.67 keV and a full-width half-maximum of ∼70
eV. This line energy appears to fit exactly the region around the Al-K and Si-K ab-
sorption edges, and we expect this line to be an artefact of the calibration and the
modelling of both edges.

Each of the above residuals contributed to an enhanced χ2 and, to improve the
fit statistics, we fit each of these residuals with a Gaussian absorption or emission
component. Most of these lines were narrower than the intrinsic spectral resolution
of PN data, and we fixed the line parameters to their best-fitting values, i.e. when
no residuals around these energies were apparent anymore (typically with widths
below 70 eV). Since in this chapter the main interest is the spectrum at higher ener-
gies – primarily near and above the energy of the Fe line – we do not discuss these
residual lines further.

4.3.2 Parameters and parameter settings

In our models we used the DISKBB, COMPTT and CUTOFFPL components tomodel the
direct emission coming from the accretion disc, boundary layer, and corona, respec-
tively. The parameters for these components are the disc temperature at the inner
edge, kTin, the seed photon temperature, plasma temperature and optical depth of
the boundary layer (assuming a spherical geometry), kT0, kTe, and τ , respectively,
and the power-law photon index and cut-off energy, Γ and Ecut, respectively. Ndbb,
Ncomptt, and NΓ are the normalization constants for the DISKBB, COMPTT and CUT-
OFFPL components, respectively. All the direct emission parameters were free to
vary, but were coupled between the different instruments.

For the ionized reflection component, the only free parameters were the scaling
factor for reflection, Ωrefl (if Ωrefl < 0, there is no direct component), and the ion-
ization parameter, ξ = 4πF/nH, with F the total illuminating flux, and nH the hy-
drogen number density. We assumed that the abundance of the reflector was solar
and, as the spectrum illuminating the accretion disc should be the same as the spec-
trum directly detected, we coupled the parameters of the irradiating components
to the ones of the corresponding direct emission component. We further coupled
the photon index of the illuminating power-law spectrum in REFXION to the one in
the direct CUTOFFPL component, with the photon index in the CUTOFFPL component
free to vary. However, after a few fitting iterations we found that, for the soft-state
observations, the photon index was significantly lower than the index found for the
transitional-state observations. (It even happened that the photon index was near or
below its lower boundary value as defined in the REFXION model.) To prevent the
power-law slope in the soft state to be less steep than in the transitional state, in all
soft-state observations (Obs. 2–5) we fixed Γ in REFXION to 2.0, which is consistent
with the value in the steepest transitional-state observation (Obs. 6). We note that
after the best minimum in the χ2 was found, the best-fitting photon index of the di-
rect emission in the soft-states was actually consistent with 2 (for Obs. 2 and Obs. 4
only, see Table 4.2 for the best-fitting values).

The relativistic effects, determined by the metric and the disc properties, were
included using the KERRCONV component which is parametrised by the spin pa-
rameter, a∗, the disc inclination, θ, the disc inner and outer radius, Rin and Rout (in
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units of the marginal stable radius, Rms), and the disc emissivity index, β. The lat-
ter could be different for the inner and outer disc, although we chose to have a disc
described by a single emissivity index. Rin, θ, and β were free parameters, but we
fixedRout to its default value (400Rms) and a∗ to 0.27 (see Section 4.3.1.1). Given this
spin parameter, using equation (3) in Miller et al. (1998), the ISCO is at ∼5.12 grav-
itational radii, Rg (Rg = GM/c2; this value is the first-order approximation valid
for spin frequencies below ∼400 Hz, see discussion in Section 4.4.1.3). All free pa-
rameters in the relativistically smeared reflection model were coupled between the
different instruments.
The inclination in REFXION is given as a cosine function and we fixed cos θ to a

value consistent with the inclination angle in KERRCONV obtained from the initial
fits of the relativistically smeared reflection model. For all observations this initial
value for the inclination was in the range 63–69◦, which is quite high but still consis-
tent with the results of Casares et al. (2006). However, for most of the observations
(except Obs. 1 and Obs. 5) we found that the best-fitting values for the inclination
inferred from KERRCONV were larger than 75◦, which is too high as no eclipses have
been seen in this source. In Section 4.4.1.2 we examine this issue in more detail,
thereby trying to understand what causes the high inclination.

4.3.3 Sources of irradiation

To investigate how the boundary layer and the corona contributed to the reflection
spectrum in 4U 1636−53, we defined our model as:

DISKBB+COMPTT+CUTOFFPL+KERRCONV∗REFXION(COMPTT+CUTOFFPL)
where the incident COMPTT and CUTOFFPL components were reflected and relativis-
tically smeared with the same properties. (Note that we included extra components
to correct for absorption and calibration effects.) We found that this already gave
acceptable fits with a reduced χ2 of 1.02 (for 276 d.o.f.), 1.06 (for 290 d.o.f.), 1.13 (for
291 d.o.f.), 1.07 (for 375 d.o.f.), 1.33 (for 313 d.o.f) and 1.08 (for 280 d.o.f.) for Obs.
1–6, respectively. However, considering the possible differences in the geometry and
isotropy4 of the emission, the boundary layer and the corona may contribute differ-
ently to the reflection spectrum: The Comptonized emission from the boundary layer
presumably irradiates the accretion disc in a relatively small region close to the NS
where relativistic effects are strong. The corona on the other hand, likely surrounds
the disc in a more extended geometry and probably illuminates the disc over a much
larger range of radii. These differences in geometrymay cause a differentΩrefl for the
COMPTT and CUTOFFPL components. In order to test whether both components are
reflected with a different relative strength, we used a similar model as mentioned
before, but now with Ωrefl free to vary, and uncoupled between the COMPTT and
CUTOFFPL components. From these fits we found no statistical improvement for the
transitional-state observations, with similarΩrefl values for both components. On the
contrary, for the soft-state observations the fit improved by leaving Ωrefl uncoupled,
with values for Ωrefl significantly different between the two incident sources (except
for Obs3, where Ωrefl was different, but still consistent within confidence limits). In
Table 4.2 we present the best-fitting parameters for this model, where in the end we
tied all REFXION parameters between the two incident components in the fits to Obs.

4Even an isotropic power-law source can appear anisotropic due to relativistic effects, either due to its
motion through special relativity or due to general relativistic light bending.
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Fig. 4.4: Transitional-state spectrum (top, Obs. 1) and two soft-state spectra (middle, Obs. 4 and
bottom, Obs. 5) of 4U 1636−53. Each plot shows the simultaneously fit XMM-Newton/RXTE
spectra and unfolded model in the main panel, and the data/model ratio in the sub panel. To
account for the direct emission from the accretion disc, boundary layer, and corona, this model
contains a DISKBB (black/line), COMPTT (blue/dashed), and CUTOFFPL (dark grey/dashed-
dotted), respectively. The relativistically smeared reflected emission was due to two inci-
dent components: the boundary layer (cyan/dotted) and the corona (light grey/dashed-triple
dotted). The relative reflection factor of the two reflected components was similar for the
transitional-state data, but was significantly different for the soft-state spectra (see Table 4.2).
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1 and Obs. 6. For the soft-state observations we leftΩrefl uncoupled between the two
sources of irradiation; values are indicated with a (c) or a (p) for the COMPTT and
CUTOFFPL, respectively. In Fig. 4.4 we show the spectra and the individual model
components for the best-fits. The top panel of Fig. 4.4 shows the transitional-state
spectrum (Obs. 1) in which the corona and the boundary layer both have the same
Ωrefl. In the lower two panels, we show two of the soft-state spectra; one in which the
corona and boundary layer both significantly contribute to the reflection continuum
(but each with a different strength, Obs. 4); the other spectrum shows a reflection
continuum to which the corona hardly contributes (Obs. 5).

For similar geometrical reasons as before, we also checkedwhether the ionization
parameter (in REFXION), and the inclination and emissivity index (in KERRCONV)
could be different for both sources of irradiation. Like for Ωrefl, we also let β, θ and
log ξ uncoupled for the two input components. For all observations we found that
the fit did not improve significantly, with all uncoupled parameters being consistent
within their confidence limits.

Besides the parameters we directly got from the blurred reflection model, it is
also common to provide the strength of the Fe line, usually expressed in terms of its
equivalent width (EW). However, as the Fe line is part of the reflection spectrum, it
is not easy to separate the emission line from the underlying reflection continuum.
Therefore, in order to understand how strong the line is, we estimated the equiv-
alent width of the reflection continuum in the region of the Fe line. As the line is
broadened, we used the 4–9 keV range as our line region for all six observations.
The equivalent width is defined as flux/contin with flux being the (unabsorbed) 4–9
keV flux of the reflection spectrum, and contin the average (unabsorbed) 4–9 keV
flux density of the direct continuum. In Table 4.2 we also give the equivalent width
obtained in this way. However, we note that these values are probably overesti-
mated since the flux not only includes the line photons but also the photons of the
underlying reflection continuum.

4.3.4 Evolution of line and continuum parameters

In order to study the evolution of the individual spectral components in relation
to the position of the source in the CD, we ordered the observations according to
their colour-colour coordinate Sz, which is thought to be proportional to the mass
accretion rate. The order for the six XMM-Newton/RXTE observations, given by its
observation number is: 1–6–2–3–5–4. Applying this order, in Fig. 4.5 we show how
several of the spectral parameters were changing with the position in the CD. Con-
sistent with the standard accretion discmodel (see e.g. Done et al. 2007, and reference
therein), from the left panels of Fig. 4.5 we found that the disc temperature and flux
increased as the source became brighter. We also found that the DISKBB normaliza-
tion decreased when going from Obs. 1 to Obs. 4. With the DISKBB normalization
defined as Ndbb = (Rin/D)2 cos θ, with Rin in km, D the distance in 10 kpc, and
θ the inclination angle of the disc, the declining Ndbb was consistent with an inner
disc radiusmoving inwards as the source moved across the CD. From the right-hand
side panels of Fig. 4.5, we found that the flux and temperature of the boundary layer
(fit with the COMPTT component) increased with Sz. This is as well consistent with
the standard accretion disc model where an increase in mass accretion rate not only
increases the disc flux and temperature, but it also heats up the surface of the NS
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Table 4.2: Best-fitting results for the reflection model

Component Parameter Obs. 1 Obs. 2 Obs. 3 Obs. 4 Obs. 5 Obs. 6

PHABS NH (10
22) 0.42±0.03 0.35+0.04

−0.01 0.45±0.02 0.55±0.02 0.44±0.01 0.40±0.03
DISKBB kTin (keV) 0.33±0.06 0.72±0.01 0.77±0.03 0.91±0.02 0.83±0.02 0.54±0.02

Ndbb 288+250
−132 244±9 107+28

−12 59+13
−8 81+6

−2 154+2
−9

Fd (10
−10) 0.41+0.53

−0.21 11.8+0.8
−0.5 7.00+1.80

−0.75 7.48+1.60
−0.99 7.18+0.62

−0.39 2.07+0.17
−0.36

COMPTT kT0 (keV) 1.32±0.16 1.26+0.05
−0.01 1.64±0.05 1.78+0.02

−0.11 1.77±0.02 1.16+0.01
−0.03

kTe (keV) 2.00+0.43
−0.0∗ 3.76±0.45 6.38+5.17

−2.41 2.07+1.34
−0.07∗ 2.99±0.02 4.87+0.59

−0.94

τ 11.9+2.0
−11.9∗ 7.4+0.1

−0.6 3.2+3.1
−2.2 8.7+6.6

−0.2 4.6±0.2 7.0±0.1
Ncomptt (10

−2) 1.3+0.1
−0.8 4.4+0.2

−0.1 1.1+1.0
−0.7 5.9+6.5

−0.9 2.2+0.1
−0.3 1.3±0.1

Fc (10
−10) 1.11+0.45

−0.98 9.81+2.31
−1.88 5.16+7.37

−3.27 5.70+7.80
−0.87 3.58+0.19

−0.47 4.19+0.93
−1.28

CUTOFFPL Γ 1.89±0.04 2.03+0.46
−0.27 1.34+0.22

−0.46 2.02+0.40
−0.17 1.63+0.04

−0.02 2.03+0.05
−0.01

Ecut (keV) 62±7 129+371∗
−85 4.6+1.9

−3.8 8.7+9.9
−1.8 7.3±0.1 93±22

NΓ 0.20±0.01 0.05+0.07
−0.02 0.46+0.15

−0.03 0.37+0.01
−0.09 0.39±0.02 0.22+0.03

−0.05

Fp (10
−10) 16.6+0.85

−1.22 3.97+5.22
−1.78 20.8+15.1

−16.9 13.5+4.1
−3.2 18.3+1.2

−0.4 15.5+2.1
−3.8

KERRCONV β 2.5±0.2 2.4+0.3
−0.1 2.7±0.1 2.7 (-1) 2.4±0.1 2.3±0.1

θ (deg) 71+11
−3 77.4+12.3

−8.0 74.8+8.7
−7.0 80.9+0.6

−0.3 64.2+14.7
−0.1 79.7+3.4

−2.5

Rin (Rms) 1.59+0.22
−0.27 1.00+0.39

−0.0∗ 1.26+0.18
−0.14 1.00+0.01

−0.0∗ 1.00+0.16
−0.0∗ 1.06+0.13

−0.06∗

REFXION Ωrefl -1.15±0.12 -1.21+0.50
−0.24 (c) -2.78+2.12

−1.67 (c) -4.99+0.95
−0.15 (c) -4.49+0.07

−0.34 (c) -1.58±0.07
-0.06+0.06∗

−0.61 (p) -0.84+0.65
−1.22 (p) -2.13+0.62

−0.16 (p) -0.02+0.02∗
−0.05 (p)

log ξ 1.26+0.09
−0.26∗ 1.00+0.31

−0.0∗ 1.00+0.33
−0.0∗ 1.00+0.04

−0.0∗ 2.35±0.02 1.00+0.09
−0.0∗

χ2
ν
(χ2/ν) 1.01 (277/276) 1.02 (294/289) 1.07 (309/290) 0.99 (369/375) 1.13 (352/312) 1.01 (284/280)

Total flux (10−9) 0.71+0.03
−0.09 1.32+0.17

−0.12 1.82+1.13
−1.08 1.47+0.59

−0.25 1.63+0.06
−0.03 0.92+0.08

−0.14

EW (keV) 0.539 0.361 0.442 0.830 0.881 0.704

Notes: A * denotes that the error has reached its maximum or minimum allowed value of the parameter. For the soft-state obser-
vations (Obs. 2–5) we mention the Ωrefl values for the COMPTT (c) and CUTOFFPL (p) components individually. Ωrefl < 0 repre-
sents reflection only, where the actual reflection normalization is |Ωrefl|. Rin is in units of Rms, which is 5.19 Rg for a∗ = 0.27.
NΓ is in units of photons keV

−1 cm−2 s−1 at 1 keV. As β was not well constrained in Obs. 4, we fixed it to the value obtained
from the initial fits. The total flux represents the unabsorbed 2–10 keV flux, Fd, Fc, and Fp are the unabsorbed 0.5–150 keV
fluxes of the direct emission components, all in units of erg cm−2 s−1. EW gives the equivalent width of the reflection conti-
nuum in the 4–9 keV range.
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Fig. 4.5: Evolution of several spectral components as the source moves through the CD. The
observations are ordered according to their Sz coordinate. From top to bottom, the panels in
the left-hand side show respectively the evolution of the DISKBB temperature, the disc flux and
the DISKBB normalization. The panels in the right-hand side show the seed photon tempera-
ture of the COMPTT, the COMPTT flux and the inner disc radius inferred from the relativistically
smeared reflection component. The fluxes are unabsorbed in the 0.5–150 keV range in units
of erg cm−2 s−1. The right axis of the bottom panels gives the inner disc radius converted in
to units of km, assuming a distance of 6.5 kpc, an inclination of 60◦, and a NS mass of 1.4 M⊙.
The grey dashed line in the bottom right-hand side panel marks the marginally stable radius
for a spin parameter of 0.27.

(or boundary layer) as more mass is accreted. In the bottom-right panel of Fig. 4.5,
we show the inner disc radius inferred from the relativistically smeared reflection
component (in units of Rms). We found that the disc was slightly but significantly
truncated in Obs. 1 (Rin and Rms were different at an ∼4σ level), and the inner edge
of the disc was consistent with being at the ISCO in Obs. 4. For the other four obser-
vations, Rin appeared to be more or less constant, or perhaps gradually decreased
as the sources became softer, with Rin in all cases (except for Obs. 3) consistent
with being at the ISCO. To compare the inner disc radius inferred from the DISKBB
normalization with Rin obtained from the reflection component, we converted both
parameter values in to km, assuming a distance of 6.5 kpc, an inclination of 60◦, and
a NS mass of 1.4 M⊙. The converted values are given in the right axis of the respec-
tive panels in Fig. 4.5. We found that Rin derived from the direct disc component
and from the reflection component were consistent within confidence limits for Obs.
1, Obs. 2 and Obs. 6, but they were not for the softer observations: Obs. 3–5. Rin

estimated from Ndbb appeared to be too small as the DISKBB component did not in-
clude any relativistic effects. In summary, we generally found thatRin decreased, the
temperature and the flux of the disc and the boundary layer increased as the source
became softer. The only odd observation out was Obs. 2, which may be either mis-
classified based on its position in the CD, or the spectral model did not describe the
data properly (see Section 4.4.1.4).

Besides the disc and the boundary layer, the corona also followed the standard
model for spectral evolution: The CUTOFFPL was the most prominent component in
the transitional-state spectra, with the hard tail extending to high energies (Ecut > 55
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keV), whereas the CUTOFFPL component was less prominent with the tail dropping
off at energies below ∼10 keV for the brighter observations. The odd observation
(Obs. 2) showed a similar power-law shape as the two hardest observations (Obs.
1 and Obs. 6), with a cut off at high energies, but on the other hand the CUTOFFPL
was much less prominent with a flux ∼4 times lower than for the two harder obser-
vations.

We further found that the emissivity index of the disc was roughly constant for
all observations. The inclination, on the other hand, was generally too high given
that no dips or eclipses have been observed in 4U 1636−53. We further found that
the ionization parameter was generally consistent with neutral Fe (except for Obs.
5), which may be odd given that ionized Fe is expected in accreting NS LMXB (e.g.
Ross & Fabian 1993). Finally, we found that Ωrefl was consistent with being the same
for both reflection components in the transitional-state observations, whereas for the
soft-state spectra, the boundary layer contributes relatively more to the reflection
continuum than the corona (except for Obs. 3where bothΩreflwere consistent within
errors). In Obs. 2 andObs. 5, the contribution of the corona to the reflection spectrum
was consistent with zero.

4.4 Discussion

The Fe emission line as part of the reflection spectrum in LMXB is produced when
X-rays irradiate the accretion disc. In BH LMXBs the illuminating source is assumed
to be Comptonized emission originating from the corona, although in NS LMXBs
the emission from the stellar surface or boundary layer may illuminate the disc as
well and could contribute to the reflection spectrum. It has been suggested (Brandt
& Matt 1994; Popham & Sunyaev 2001) that an inner geometry of optically-thick
and Comptonized emission illuminating the inner accretion disc could produce an
Fe emission line. Based on successful fits with a reflection model in which the disc
is illuminated by a Comptonized continuum, it has been shown that the boundary
layer could indeed produce the reflection spectrum and the Fe emission line (e.g.
Done et al. 2002; Gierliński & Done 2002; Cackett et al. 2010). For example, Cackett
et al. (2010) used a blurred reflection model where a black-body component (associ-
ated with the boundary layer) was assumed to illuminate the disc. As the boundary
layer usually drops off at∼8–20 keV, the reflection continuum would do as well, and
hence it would not describe the Compton reflection hump typically seen at higher
energies (e.g. Fabian & Ross 2010). On the other hand, Cackett et al. (2010) also used
a reflection model in which the power-law component (associated with the corona)
was assumed to irradiate the disc, although this model was only fit to those spectra
in which the high energy spectrumwas dominated by a power law. None of the pre-
vious works have used a reflection model in which simultaneously both components
were taken to be the source of irradiation to investigate the relative reflection of each
of them. For the transitional-state spectra of 4U 1636−53, the corona was the most
prominent component in the broadband spectrum, and it also prominently deter-
mined the overall reflection continuum. In these observations, the emission from the
boundary layer was less prominent compared to the corona, but it still contributed
to the Fe emission line, although at a 20–60% lower flux level (based on the reflected
∼5–9 keV flux). For the soft-state observations on the other hand, the corona was



4.4: Discussion 91

usually less prominent, and the boundary layer – which increased in temperature
and flux – became therefore the most important source of irradiation (or even the
only significant source of irradiation for Obs. 2 and Obs. 5). The ∼5–9 keV flux
in the reflection spectrum based on the boundary layer was ∼2–3 times higher than
for the reflection spectrum produced by the corona. This suggests that the bound-
ary layer is always contributing to the Fe line production. This contribution is more
prominent in the soft states, whereas it is less strong in the transitional (and/or hard)
states with the line mainly being produced by the corona. However, whatever the
spectral state may be, one should still consider both components to be contributing
to the reflection continuum in NS LMXBs.

4.4.1 Caveats of the analysis

4.4.1.1 Ionization parameter

In all cases, the model we used to fit the six XMM-Newton/RXTE observations of
4U 1636−40, including relativistically smeared ionized reflection, described the data
well, although the spectral analysis requires a few caveats. Firstly, we generally
found a low value for the ionization parameter, being consistent with neutral Fe,
which was likely too low for what is expected, particularly for the soft-state spectra.
In these observations we found the accretion disc to be hot (kTin & 0.7 keV), and
the boundary layer to be significantly contributing to the reflection spectrum. The
combination of the thermal emission from within the disc and the incident emission
should be high enough to have at least Fe moderately ionized (Ross & Fabian 1993;
Ballantyne et al. 2001). The ionization parameter in the model depends on the total
illuminating flux (ξ = 4πF/nH) which is assumed to be a power law, with the 8–20
keV flux relevant for the ionization stage of Fe. As this energy range is coincident
with the spectrum where the boundary layer and the corona both drop off in the
soft-state spectra, the ionization parameter in our case was likely underestimated as
the total illuminating flux was actually higher. The low ionization parameter in the
transitional-state observations on the other hand, is likely more realistic as the disc
is cold and the total illuminating flux (dominated by the CUTOFFPL that does not cut
off in the 8–20 keV range) better represents the incident power law in the model. For
the only observation where the ionization parameter was not consistent with neutral
Fe (Obs. 5), we found Fe to be moderately ionized with log ξ = 2.35 ± 0.02. For
100 ≤ ξ < 500 erg cm s−1, no Fe line is produced as a result of Auger destruction
(see e.g. Young et al. 1998), which contradicts the clear Fe emission line seen in the
spectrum of Obs. 5. Given the above, solving the ionization balance for a source of
irradiation is still complex, and is an important note to be taken from our analysis
for the development of reflection models in the future.

4.4.1.2 Inclination

From all our fits to 4U 1636−53, we found a disc inclination which appeared to be
too high given that no eclipses are detected in this source. From previous analyses
of the first three observations in our sample, Pandel et al. (2008) and Cackett et al.
(2010) also reported similar, or even higher, inclinations, always with an upper confi-
dence limit pegged at 90◦. The high inclination in the analysis of Pandel et al. (2008)
and Cackett et al. (2010) maybe partly due to pileup effects, as pileup hardens the
spectrum and plausibly extends the blue wing of the Fe line. Pandel et al. (2008)
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also suggested that the broad line could be due to line blending of different ioniza-
tion stages of Fe. When they fit the Fe line with a multiple line model, they found
the inclination to be slightly lower (> 64◦), although it was still consistent with 90◦.
Nevertheless, even with a conservative pileup correction, and fitting a model that
self-consistently includes line blending effects and Compton broadening (the latter
was not included in the model used by Pandel et al. 2008), we still found an inclina-
tion higher than 64◦, although the upper confidence value was considerably lower
than 90◦. Although fits to PN timing mode data of other NS LMXBs have revealed
well constrained and much lower inclination angles (see e.g. D’Aı̀ et al. 2009; Iaria
et al. 2009), it is possible that the PN timing mode data we have used here is still
affected by calibration issues. It would be useful to perform a spectral analysis sim-
ilar to the one presented in this work, but applying it to data taken in different data
modes or with other X-ray missions.

4.4.1.3 Inner disc radius

From the smeared reflection model we found the disc to be slightly, but significantly,
truncated in Obs. 1, whereas the disc was clearly at the ISCO for Obs. 4, with the
difference between the two values for the inner radius less than a factor of 2. For
the other observations the inner disc radius was consistent with being constant, but
given the error bars we cannot discard that the inner radius decreases as the source
becomes softer. In contrast with the reflection component, Rin inferred from the
DISKBB normalization clearly declines as the source becomes softer, with Rin chang-
ing by at least a factor of 3 between the two extreme cases. However, the DISKBB
component does neither include relativistic effects, nor corrects for possible changes
in the hardening factor when the disc temperature changes (Shimura & Takahara
1995). On the other hand, Miller et al. (1998) have demonstrated that for a rapidly
spinning NS (i.e. for stellar spin rates > 400 Hz) the marginally stable radius in-
creases faster than its first-order approximation. Hence, Rms would be significantly
smaller than the value of 5.12 Rg that we have assumed here, leading to an overesti-
mated inner disc radius inferred from the reflection component. Clearly, comparing
the inner disc radius inferred from both direct and reflected components is still diffi-
cult as several quantities, like the inclination and spin parameter, are still not known
accurately enough.

4.4.1.4 Observation 2: the odd one out

By studying the evolution of the individual spectral components in relation to the po-
sition in the CD, we generally found that the source followed the expected trend (e.g.
the disc temperature increases and the disc radius decreases as the source moves
from the hard to the soft state). The only observation not following this trend was
Obs. 2, which showed a larger inner disc radius and disc flux, and a lower disc
temperature than the other soft-state spectra in our sample. The odd behaviour of
Obs. 2 could be interpreted in two ways. Firstly, we found the spectrum of Obs. 2
to have a prominent and hot accretion disc like in the soft state, but its total intensity
was lower than in the other soft-state observations (Obs. 3–5). On the other hand,
the spectrum of Obs. 2 showed a power-law tail extending to high energies, typi-
cal of that of the transitional state, although the power-law component contributed
significantly less than for the other two transitional-state spectra (Obs.1 and Obs. 6).
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Although we classified Obs. 2 as a soft-state observation, it may actually be in a pe-
culiar intermediate state between the transitional (hard) and soft state. Secondly, the
odd behaviour of Obs. 2 could be due to the spectral model not describing the data of
Obs. 2 properly. From the best fit to this observation, we found that the COMPTT was
the most prominent component in the spectrum between ∼3.5 and 25 keV, which
supressed the contribution of the CUTOFFPL component in this energy range. How-
ever, the CUTOFFPL component was required to fit the high-energy emission above
25 keV, but the photon index and the cut-off energy were poorly constrained. In the
other soft-state observations, the COMPTT component was clearly apparent but not
as prominent as in Obs. 2, as well as that in these spectra the high-energy emission
did not extend up to energies higher than ∼30 keV.

4.4.1.5 Line strength

We found that an Fe emission line was present in all six observations; the equivalent
width of the reflection spectrum in the 4–9 keV range (see Section 4.3.3) appears to
be uncorrelated with the position in the CD (or HID). Cackett et al. (2008) reported
a similar finding for Fe lines in 6 NS LMXBs using simultaneous Chandra and RXTE
observations. Only 2 of these sources showed a significant Fe line, for which there
was no correlation between the EW of the line and the position in the HID. In the
same work, Cackett et al. (2008) analysed two Chandra observations of 4U 1636−53
for which no significant Fe line was detected. However, their upper limits cannot
rule out the presence of weak and broad lines. For the hard-state Chandra spectra
of 4U 1636−53 (which was harder and brighter than our transitional-state observa-
tions, and where no disc component was required by the data) the 95% upper limit
for a broad Gaussian line was ∼80 eV. For the soft-state Chandra spectra (which was
almost 3 times brighter than our brightest soft-state spectra) the upper limit was∼30
eV. These upper limits are far below the values we have obtained from the reflection
continuum in the XMM-Newton/RXTE data. It is possible that we have overesti-
mated the EW of the Fe line in this work (see Section 4.3.3), but also that Cackett
et al. (2008) underestimated the EW in the Chandra spectra because they assumed a
relatively narrow Gaussian line to calculate their upper limits. It is interesting that
for the soft-state Chandra spectra, Cackett et al. (2008) found a disc temperature of
1.21 keV, i.e. 0.3 keV hotter than the highest disc temperature we found in Obs. 4,
but with a DISKBB normalization that was similar to the one we found for this ob-
servation. The constant Ndbb over a changing disc temperature may imply that the
inner disc indeed reached its minimum radius, may this be the ISCO or the stellar
surface of the NS.

4.5 Summary

We analysed six XMM-Newton/RXTE observations of the NS-LMXB 4U 1636−53; in
two of the observations the source was in the transitional state, and in the other four
the source was in the soft state. We used a relativistically smeared ionized reflec-
tion model to study the Fe emission line apparent in all six spectra, which we used
to investigate the relative contribution of the corona and the boundary layer to the
reflection continuum. We found that both components were required to fit the full
reflection continuum (except for two observations where the corona did not signif-
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icantly contribute), where each of the components had a different strength depend-
ing on the spectral state. The corona appeared to be the main source of irradiation in
the transitional-state spectra, whereas the boundary layer appeared to be the most
prominent illuminating source in the soft-state observations. Additionally, with the
increase in the mass accretion rate (based on Sz), we found that the temperature and
flux of both accretion disc and boundary layer increased, together with the corona
becoming less prominent with a hard tail extending to lower energies, and an in-
ner disc radius changing from being slightly truncated to being consistent with the
ISCO. This is consistent with the standard accretion disc model for low-luminosity
persistent NS LMXBs to which 4U 1636−53 belongs.
In our work we have assumed that the spin parameter in 4U 1636−53 is 0.27,

based on the rotation of the NS. In most, if not all, of the previous studies on Fe lines
in NS LMXBs, a Schwarzschild and/or maximum Kerr metric was assumed (see e.g.
Bhattacharyya & Strohmayer 2007; Cackett et al. 2008; di Salvo et al. 2009). In the
case of 4U 1636−53, using the Schwarzschild metric probably leads to an overesti-
mation of the inner disc radius (see values reported by Pandel et al. 2008), whereas
a maximum Kerr metric is rather unlikely for NS LMXBs as this will sweep away
stellar material from the NS equatorial plane. To test whether the current data of 4U
1636−53 was actually sensitive enough to distinguish between the different metrics,
we fit the same spectra with models for different spin parameters. The results of
these fits are presented in a companion paper (Sanna et al. 2012; in prep.). It remains
to be seen whether spectral fits to a sample of NS LMXBs for which the spin parame-
ter is (roughly) known could be helpful to better constrain the inner disc radius, and
set therefore tighter constraints on the NS mass and EoS.
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4.6 Appendix: Cut-off energy in the soft-state observations

In our fits with the reflection model we used the CUTOFFPL component to model the
high-energy emission associated with the corona. We found that for the soft-state
observations the cut-off energy was close to the energy of the Fe emission line (see
Table 4.2, Obs. 3–5). A power-law spectrumwith a cut off at energies below∼10 keV
may affect the shape and/or strength of the detected Fe emission line. To investigate
this, we fit the XMM-Newton/RXTE data of Obs. 3–5 in the 0.8–120 keV range (we
did not include Obs. 2 as the CUTOFFPL was not well constrained with a cut-off
energy of 129+371

−85 ). For this test we performed several fits, using a phenomenological
model, where we fixed the cut-off energy to a set of values above 10 keV, where the
Fe line no longer contributes to the emitted spectrum. The model we used for this
test was similar to the one described in Section 4.3.3, however, instead of using the
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relativistically blurred ionized reflection model, we used a phenomenological line
profile that includes all relativistic effects for the Kerrmetric (KYRLINE; Dovčiak et al.
2004). Doing this, we can additionally compare the differences between a relativistic
line model and a self-consistent ionized reflection model to describe the Fe emission
line, which we will describe in a companion paper (Sanna et al. 2012; in prep.).
The KYRLINE component is parametrised by the spin parameter, a∗, the inclina-

tion angle of the accretion disc, i, the rest energy of the line, Eline, the inner and
outer edge of the disc, Rin and Rout, the emissivity index, β (which could be set to
be different for the inner and outer disc regions), and the normalization of the line,
Nline, in photons cm

−2 s−1. The line profile is calculated for emission from outside
the ISCO only, and includes the effects of limb darkening. Similar to what we did in
the reflection models, we assumed a single emissivity index, we fixed a∗ to 0.27, and
fixed the outer disc radius to its default value of 1000 Rg. We further constrained
Eline to range between 6.4 and 6.97 keV, and Rin & 5.12 Rg as this is the value for
the ISCO for a∗ = 0.27. The rest of the line parameters and all continuum param-
eters were left free to vary, except for the cut-off energy which we fixed to several
values: to the best-fitting value (obtained from our model described in Section 4.3.3,
see Table 4.2), to 10, 15, and 20 keV, respectively. The results of these fits are given in
Table 4.3.
Summarising the values given in Table 4.3, we found that the shift in cut-off

energy significantly modified most (if not all) of the other continuum parameters,
whereas the line parameters were almost not affected. The way the continuum pa-
rameters changed was different for each of the three spectra. For example, for Obs. 3
we found that by increasing Ecut the photon index of the CUTOFFPL component sig-
nificantly increased, accompanied with a significant decrease in NΓ. To balance the
steeper power law, at lower energies this change resulted in an increase of NH, and
the disc properties, kTin, and Ndbb. The increase in Ecut also significantly affected
some of the COMPTT parameters: kT0 and kTe decreased,Ncomptt increases, whereas
τ increased marginally. On the contrary, despite all the changes in the continuum
parameters, none of the line parameters changed significantly. The same conclusion
applies to the line parameters of Obs. 4 and Obs. 5, although here the continuum
parameters changed differently than in Obs. 3. Therefore, we conclude that a cut-off
energy in the bandpass of the broadened Fe emission line does not affect the param-
eters derived for the relativistic line profile. Changing the shape of the underlying
continuum by shifting the cut-off energy to be beyond the Fe bandpass, only caused
a modification in the other continuum parameters.



96 Disc reflection signatures in 4U 1636−53

Table 4.3: Best-fitting results for different cut-off energies using the phenomenological model

Obs. 3 Component Parameter Ecut=4.6 keV Ecut=10 keV Ecut=15 keV Ecut=20 keV

PHABS NH (10
22) 0.41±0.02 0.44±0.03 0.45+0.03

−0.01 0.46±0.03

DISKBB kTin (keV) 0.69+0.06
−0.03 0.78+0.05

−0.07 0.79±0.04 0.80±0.04

Ndbb 151+53
−56 168+71

−25 180+53
−37 182+49

−32

COMPTT kT0 (keV) 1.75+0.29
−0.34 1.22+0.17

−0.15 1.23+0.10
−0.21 1.23+0.10

−0.18

kTe (keV) 4.76+5.80
−1.33 2.72+0.59

−0.36 2.87+0.46
−0.34 2.92+0.37

−0.30

τ 7.0+2.7
−4.2 11.8+3.3

−2.6 11.1+2.3
−1.9 10.9+1.9

−1.6

Ncomptt (10−2) 1.0+1.5
−0.9 6.9+2.0

−1.1 7.6±1.0 7.8+1.3
−0.7

CUTOFFPL Γ 1.16+0.14
−0.17 1.77+0.38

−0.17 2.07+0.37
−0.17 2.22+0.30

−0.18

NΓ 0.44+0.04
−0.07 0.26±0.07 0.23±0.05 0.22+0.03

−0.06

KYRLINE θ 85.6+1.1
−11.3 85.2+1.4

−21.0 85.1+1.5
−17.7 85.1+1.5

−14.1

Rin (Rg) 12.8+2.7
−6.2 12.9+4.1

−6.6 13.0+4.5
−7.0 13.0+4.8

−6.3

Eline (keV) 6.72+0.11
−0.32∗ 6.73+0.15

−0.33∗ 6.74+0.16
−0.34∗ 6.74+0.17

−0.34∗

β 3.5±1.0 3.4+1.0
−1.2 3.3+1.1

−0.8 3.3±1.0

Nline (10
−3) 2.1+0.5

−0.2 1.9+0.6
−0.4 0.8+0.6

−0.4 1.8±0.4

Obs. 4 Ecut=8.7 keV Ecut=10 keV Ecut=15 keV Ecut=20 keV

PHABS NH (10
22) 0.41+0.05

−0.07 0.41±0.07 0.40±0.08 0.39+0.09
−0.07

DISKBB kTin (keV) 0.73+0.03
−0.09 0.75+0.04

−0.09 0.79+0.04
−0.02 0.81±0.04

Ndbb 68+11
−22 55±26 48+19

−22 44+17
−20

COMPTT kT0 (keV) 0.30+0.10
−0.04 0.30+0.08

−0.04 0.29+0.06
−0.02 0.29+0.05

−0.02

kTe (keV) 2.11+0.12
−0.11∗ 2.14±0.13 2.17±0.09 2.19±0.09

τ 19.0+4.1
−2.4 18.3+3.5

−2.1 17.7+2.3
−1.5 17.3+2.0

−1.4

Ncomptt (10−2) 12.2+6.2
−4.3 13.7+5.5

−4.2 17.1+4.2
−4.4 18.4+3.7

−4.4

CUTOFFPL Γ 1.67+0.14
−0.23 1.78+0.16

−0.23 1.94+0.19
−0.24 2.04+0.20

−0.23

NΓ 0.27+0.11
−0.14 0.27±0.13 0.21+0.15

−0.11 0.19+0.15
−0.10

KYRLINE θ 86.4+1.6
−6.6 86.4+1.6

−6.7 86.4+1.6
−6.8 86.3+1.7

−6.8

Rin (Rg) 5.12+0.24
−0.0∗ 5.12+0.23

−0.0∗ 5.12+0.24
−0.0∗ 5.12+0.27

−0.0∗

Eline (keV) 6.68+0.12
−0.18 6.67+0.12

−0.17 6.66+0.12
−0.17 6.65+0.12

−0.17

β 2.6±0.3 2.6±0.3 2.6±0.2 2.6±0.2

Nline (10
−3) 4.2+0.4

−0.6 4.2±0.6 4.2+0.4
−0.6 4.4+0.4

−0.6

Obs. 5 Ecut=7.3 keV Ecut=10 keV Ecut=15 keV Ecut=20 keV

PHABS NH (10
22) 0.45±0.05 0.47+0.02

−0.04 0.49±0.04 0.50±0.05

DISKBB kTin (keV) 0.87+0.03
−0.18 0.65+0.18

−0.07 0.56+0.09
−0.05 0.54+0.07

−0.04

Ndbb 112+27
−33 113+189

−71 235+191
−207 272+211

−251

COMPTT kT0 (keV) 1.43+0.16
−0.10 0.51+0.13

−0.05 0.53+0.09
−0.06 0.53+0.08

−0.05

kTe (keV) 3.20+0.30
−1.11 2.28+0.13

−0.09 2.37±0.10 2.40+0.09
−0.06

τ 9.4+15.3
−1.3 16.9+2.1

−1.9 15.1±1.1 14.7±0.9

Ncomptt (10−2) 5.6+0.6
−1.9 10.3±1.4 13.3+1.3

−1.5 14.3±1.4

CUTOFFPL Γ 2.18+0.57
−0.61 1.96±0.10 2.20±0.13 2.34±0.12

NΓ 0.28±0.04 0.44+0.05
−0.15 0.39±0.13 0.38+0.14

−0.12

KYRLINE θ 86.8+1.2
−2.6 86.7+1.3

−2.5 86.6+1.3
−2.5 86.6+1.3

−2.5

Rin (Rg) 5.12+0.34
−0.0∗ 5.12+0.31

−0.0∗ 5.12+0.31
−0.0∗ 5.12+0.30

−0.0∗

Eline (keV) 6.40+0.11
−0.0∗ 6.42+0.11

−0.02∗ 6.42+0.11
−0.02∗ 6.42+0.12

−0.02∗

β 2.8±0.3 2.7±0.3 2.7±0.3 2.7±0.3
Nline (10

−3) 4.1±0.5 4.4±0.4 4.4±0.4 4.4±0.4

NOTES.– A * means that the error was pegged at the hard limit of the parameter range.



5
Timing analysis of the black hole GRO

J1655−40 in the super-bright state
during its 2005 outburst

—B. Hiemstra & M. Méndez—

Always look on the bright side of life
—Monty Python, Life of Brian —

Abstract: We analysed 54 Rossi X-ray Timing Explorer (RXTE) observations in
a highly-variable high-luminosity state (hereafter super-bright state) of the black
hole low-mass X-ray binary, GRO J1655−40, during its 2005 outburst. In this par-
ticular state the X-ray intensity and hardness correlated roughly linearly, thereby
tracing a diagonal line in the hardness-intensity diagram (HID). During this state
the intensity varied between ∼1.5 and ∼3.5 Crab, and after a rapid increase in
intensity and hardness, it even reached an intensity of ∼4.5 Crab at the peak of
the outburst. Based on the typical power density spectra (PDS) of the 54 ob-
servations, we found that the super-bright state can be divided into two main
parts: (i) at low intensity (.2.1 Crab) the PDS are well described by three flat-
top noise components without any quasi-periodic oscillation (QPO), and (ii) at
intensities above∼2.1 Crab the PDS show two clear QPO-like features near 8 and
18 Hz (hereafter lower and upper QPO), and two flat-top noise components. We
studied the evolution of the timing properties in this super-bright state, and we
found that: i) The characteristic frequency of the lower and upper QPO shifted
in opposite directions as the intensity increased, with the frequency of the lower
QPO decreasing from ∼12 to ∼7 Hz, and the frequency of the upper QPO in-
creasing from ∼15 to ∼19 Hz. ii) The properties of the two QPO-like features in
the extremely-bright observation did not follow the general trend drawn by the
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other observations: In this observation the lower QPO-like feature evolved into a
QPO (with coherence, Q ≃ 4) at ∼7 Hz, whereas the upper QPO became broader
(with Q < 2) with a central frequency of ∼18 Hz. The fractional rms amplitude
of both QPOs was much lower than expected according to the trend of the other
observations in the super-bright state. iii) The 1/32–128 Hz rms amplitude of the
PDS evolved with time, varying between 8 and 11% for the first ∼8 days of the
super-bright state; once the source reached the extremely-bright observation, the
1/32–128 Hz rms amplitude dropped to less than 6%. To understand the peculiar
behaviour of the variability in this super-bright state, we compared our results
with the well-known timing properties in the hard and intermediate states of this
source and other black hole binaries.
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5.1 Introduction

The X-ray intensity of black-hole (BH) low-mass X-ray binaries (LMXBs) varies on
long (days to years) and short (s to ms) time scales. The long-term variation is
probably driven by the viscous time scale of the outer accretion disc, and is likely
caused by accretion-flow instabilities due to changes in the mass accretion rate (La-
sota 2001). The short-term variability is comparable to the dynamical time scale of
matter moving near the BH (∼1 ms at 6 Rg = 6 GM/c

2 for a 10 M⊙ BH), and is gener-
ally attributed to the motion of inhomogeneities in the disc (e.g. van der Klis 2006).
However, in a geometry where the disc is truncated and replaced by a turbulent hot
inner flow, fluctuations in, and precession of, this inner flow could also explain the
observed short-term variability (Ingram et al. 2009; Ingram & Done 2010). Although
the geometry and energetics of the innermost region of the accretion flow in accret-
ing BH systems is still uncertain, studying the rapid variability of the X-ray emission
in these sources allows us to probe the accretion-flow dynamics in the strong-gravity
regime near black holes, and could possibly be used to measure fundamental prop-
erties of the curved space-time (like the radius of the innermost stable circular orbit,
ISCO; Frank et al. 1987; Feroci et al. 2010)).
The X-ray variations on short time scales are usually studied using Fourier tech-

niques. The Fourier power spectrum of BH LMXBs often shows low-frequency
quasi-periodic oscillations (LFQPOs; see van der Klis 2006, and references therein),
with centroid frequencies from mHz to tens of Hz, superimposed on a broad-band
noise continuum. High-frequency (HF) QPOs at 50–450 Hz are also seen in a few
BHs (e.g. at 41 and 69 Hz in GRS 1915+105; Belloni et al. 2001; 300 and 450 Hz in
GRO J1655−40; Strohmayer 2001; 188 and 276 Hz in XTE J1550−564; Miller et al.
2001), and are the fastest BH phenomena observed so far, with frequencies possi-
bly related to the Keplerian frequency at the ISCO. However, HFQPOs are usually
weak and transient, and from the few detections available, it is difficult to derive a
clear picture of their origin. The LFQPOs, on the other hand, are detected in almost
all known BH (for which the mass is dynamically determined) and in several black
hole candidates (BHC; for a review see van der Klis 2006). Although rapid variability
occurs over the full range of spectral states, the LFQPOs are usually associated with
the hard and intermediate spectral states (van der Klis 1995;McClintock & Remillard
2006), and can be classified into three main types, labelled: types A, B and C (see e.g.
Casella et al. 2005; Belloni 2010).
Type-C QPOs are characterized by a strong amplitude (up to 16% fractional rms)

and high coherence (Q ≃ 7–12, withQ defined as the QPO central frequency divided
by the QPO full-width at half maximum), with centroid frequencies ranging between
∼0.1 and 15 Hz. The type-C QPO appears always together with a strong (∼10–40%
rms) flat-top noise component (Casella et al. 2005), where there is a distinct corre-
lation between the frequency of the type-C QPO and the characteristic (break) fre-
quency of the underlying noise components (Wijnands & van der Klis 1999; Belloni
et al. 2002).

Type-B QPOs are characterized by a relatively strong and narrow peak (∼2–4%
rms, Q & 6), with centroid frequencies in a narrow range of ∼1–6 Hz. The centroid
frequency of the type-B QPO appears to be positively correlated with the source
intensity. At variance with type-C QPOs, type-B QPOs are present when the PDS
does not show a strong underlying broad-band noise component, but when a weak



100 Timing analysis of GRO J1655−40

and steep (red) noise component is present. Both type-C and B QPOs often show
harmonics.

Type-A QPOs are characterized by a low amplitude (less than 3% rms) and low
coherence (Q . 3), and span a very narrow frequency range of 6–8 Hz. Being much
weaker and broader than the other two types, type-A QPOs are sometimes only
detected by averaging several observations. The type-A QPO is accompanied with
a weak underlying red-noise component, with an integrated rms amplitude that is
even lower than in the case of the type-B QPO.

It is known that the timing behaviour of BHLMXBs correlateswith spectral varia-
tions (see e.g. Méndez & van der Klis 1997; Homan & Belloni 2005; Belloni 2010). The
hard state, associated with a hard spectrum and a low intensity, is characterized by
a high level of aperiodic variability. The power spectrum in this state shows strong
band-limited noise components and occasionally a type-C QPO. The hard-state PDS
can be fit with a small number (3 or 4) of Lorentzians, and has a typical total rms
amplitude up to ∼45%. The characteristic frequency of all components increases,
and the total fractional rms amplitude decreases, correlated with the source flux. As
the intensity increases further, the source eventually makes a transition to the in-
termediate state (Belloni et al. 1996; Méndez & van der Klis 1997). In this state the
energy spectrum is softer than in the hard state due to the appearance of a thermal
disc component, and the power spectrum has a lower total fractional rms amplitude
(10–20%) than in the hard state. The total rms amplitude decreases as the source
spectrum softens, and type-C QPOs are usually seen. When the spectrum becomes
(slightly) softer, the overall noise suddenly drops (to a total rms amplitude of 5–10%)
and a type-B QPO appears. When the spectrum softens (slightly) further, a type-A
QPO appears and the total rms amplitude is as low as a few per cent (. 5%). With
the source going through the intermediate state, making a transition from hard to
soft, the QPO frequency increases as the source becomes softer, which appears to be
related with the inner disc radius moving inwards (e.g. van der Klis 2006). As the
source reaches the soft state, the energy spectrum is dominated by a thermal disc
component and the variability is weak, with a total fractional rms amplitude that
can be as low as 1% (e.g. Belloni et al. 1999). The soft-state power spectrum usu-
ally shows a steep noise component, and weak QPOs are sometimes detected in the
10–30 Hz range (see review by Belloni 2010). From the soft state, the source usually
returns back to the hard state via the intermediate state at a lower flux level, show-
ing thereby similar spectral and timing properties as in the hard-to-soft transition
but now evolving in the opposite sense (e.g. the QPO frequency decreases with the
source becoming harder). However, there are a few sources (GRO J1655−40; Saito
et al. 2007, XTE J1550−564; Sobczak et al. 2000a, 4U 1630−47; Kuulkers et al. 1997;
Tomsick et al. 2005) that, being in their soft state, show an increase in the X-ray flux
and spectral hardness, sometimes reaching values of the spectral hardness similar to
those measured in the intermediate state. During this phase the total rms amplitude
increases again to 5–10%, and the source shows an energy spectrum that appears to
be different than for the other spectral states (with very high inner-disc temperatures
and small inferred inner disc radii, e.g. Sobczak et al. 2000a; Tomsick et al. 2005; Saito
et al. 2007). In this chapter we report on the results of the timing analysis of such a
peculiar phase in the transient BH-LMXB GRO J1655−40 during its 2005 outburst.
In the next section we introduce the source and describe its 2005 outburst evo-
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lution, which showed the super-bright state in which the source intensity reached
several Crab and its variability increased. In Section 5.3 we give details of the obser-
vations and the data analysis, while we describe our results in Section 5.4. In Sec-
tion 5.5 we discuss the variability in the super-bright state and compare our results
with the well-known properties in the hard and intermediate state of GRO J1655−40
and other BH sources, to conclude with a summary of our results in Section 5.6.

5.2 The black hole GRO J1655−40

GRO J1655−40 is a transient low-mass X-ray binarywith a black-hole primary (Orosz
& Bailyn 1997). It was discovered with the Compton Gamma Ray Observatory when
the source went into outburst on July 27, 1994 (Zhang et al. 1994). During this out-
burst, which lasted for at least one year, GRO J1655−40 was extensively studied
in several wavelengths. Radio observations revealed the presence of superlumi-
nal jets (Tingay et al. 1995) which led to a determination of a distance of 3.2 ± 0.2
kpc (Hjellming & Rupen 1995). Periodic eclipses in the optical light curve of GRO
J1655−40 confirmed the system to be an eclipsing binary (Bailyn et al. 1995a,b). Op-
tical photometry and spectroscopy, when the source was in quiescence, provided
accurate measurements of the inclination of the system (69.5◦ ± 0.1◦ Orosz & Bai-
lyn 1997) and the mass of the black hole (6.3 ± 0.5 M⊙; Greene et al. 2001). After
the 1994–1995 outburst, GRO J1655−40 underwent two other major outbursts: One
started on April 25, 1996 (Remillard et al. 1996), lasting for 16 months, and the other
started on February 17, 2005 (Markwardt & Swank 2005), lasting for 260 days. In-
tensive monitoring campaigns with the RXTE satellite during these two outbursts
showed that the source exhibits a complex X-ray activity with several distinct flar-
ing periods alternating with periods of lower activity. From variability studies of 52
pointed RXTE data spanning the 1996–1997 outburst, Remillard et al. (1999) found
four types of QPOs between 0.1 Hz and 300 Hz. Three of these QPOs had relatively
stable central frequencies, whereas the central frequency of the fourth QPO varied
over the range 14–28 Hz. The high-frequency QPO at 300 Hz was later confirmed
by Strohmayer (2001) who also detected a QPO at 450 Hz, which is the highest fre-
quency QPO seen to date from a black hole. Using the same data as Remillard et al.
(1999), Sobczak et al. (2000b) examined correlations between the properties of the
14–28 Hz QPO and the spectral parameters. Sobczak et al. (2000b) found that the
QPOs were only detected when the power-law component contributed more than
20% in the 2–20 keV flux, and that the QPO frequency generally increased as the disc
flux increased.

The 2005 outburst was monitored from a very early stage, when the source was
still in the low/hard state, until the source returned back to quiescence (see Fig. 5.1
for the light curve of the full outburst). During this outburst, more than 500 pointed
RXTE observations were taken on an almost daily basis, thoroughly covering all the
spectral states and state transitions (Homan 2005; Homan et al. 2005b,c,a). After
being in the high-soft state for 2 months, on May 10, 2005, GRO J1655−40 entered
the super-bright state, with a strong increase in the X-ray intensity, a hardening of
the X-ray spectrum, and an increase in the strength of the 0.01–100 Hz variability
(Homan et al. 2005b). In this super-bright state, which lasted for∼20 days, the X-ray
intensity varied on a time scale of a few hours correlated with the hardness of the
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Fig. 5.1: RXTE/PCA light curve for the full 2005 outburst of GRO J1655−40. The grey area
marks the period in which we used the corresponding pointed RXTE observations of the
source.

source, thereby tracing a diagonal line in the HID (see next Section; Fig. 5.2).
In this chapter we report on the timing properties in this ∼20-days period, where

we focus on the evolution across this diagonal line in the HID. The observations we
used are of a later period in the outburst than the ones used in Shaposhnikov et al.
(2007) who reported on the spectral and timing evolution in the early stages of the
2005 outburst (only the first 25 days). Debnath et al. (2008) reported on the timing
and spectral evolution of GRO J1655−40 in the same outburst, where they analysed
150 pointed RXTE observations spread over the entire outburst. Of the 150 obser-
vations, Debnath et al. (2008) used 29 observations covering the super-bright state
randomly, while our data sample contains 54 RXTE observations covering the com-
plete ∼20-days phase. Debnath et al. (2008) performed a timing analysis mainly to
study the evolution of the variability with spectral hardening, and they only report
on the central frequencies of the QPOs. At variance with Debnath et al. (2008), we
performed a timing analysis of GRO J1655−40 to carefully (and completely) study
the evolution of the timing properties (including coherence, rms amplitude and en-
ergy dependence) in the super-bright state only.

5.3 Observations and data analysis

There are a total of 510 pointed RXTE observations taken during the 2005 outburst
of GRO J1655−40. For all these observations we used the Standard-2 data from the
Proportional Counter Array (PCA) to calculate the hard colour and intensity for each
detector unit (PCU) that was on during the observation. The hard colour is defined
as the count rate in the 16–20 keV band divided by the count rate in the 2–6 keV band,
whereas the intensity is defined as the 2–20 keV count rate. To obtain the exact count
rate in each of these energy bands, we interpolated linearly in the detector channel
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Fig. 5.2: Hardness-intensity diagram of GRO J1655−40 during its 2005 outburst. Each grey
data point represents the averaged and Crab normalized hard colour and intensity per obser-
vation (see text for details). The black data points mark the observations when the source was
in the super-bright state.

space. To correct for gain changes and differences in the effective area between the
PCUs, we normalized the hard colour and intensity by the Crab values obtained
close in time to our observations (see Kuulkers et al. 1994; Altamirano et al. 2008,
for details). We then averaged the normalized colour and intensity over all PCUs
available for each observation. In Fig. 5.1 and Fig. 5.2 we show the light curve and
the HID, respectively, of the full 2005 outburst of GRO J1655−40. In these figures we
also mark the period in which the source was in the super-bright state, which is the
phase of the outburst we are interested in.

For the Fourier timing analysis of the super-bright state observations, we used 54
RXTE/PCA observations between MJD 53500.0 (May 10, 2005; ObsID 91702-01-52-
01) and MJD 53519.5 (May 29, 2005; ObsID 91702-01-67-05). In addition to the stan-
dard PCAdatamodes, each observation provided four different high time-resolution
data modes (Binned, Event, and two Single Bit modes). In our analysis we used the
two Single Bitmodes, which had a time resolution of 125µs and one energy bin cov-
ering the PCA channels 0–13 and 14–35, respectively, and the Event mode, with a
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time resolution of 62 µs and 16 energy bins covering the channels 36–249. In order to
study the energy dependence of the variability, we generated power density spectra
for four different energy bands, using the PCA channels 0–13, 14–35, 36–249, and
0–249, respectively. For each of these bands we applied fast-Fourier transforms for
time segments of 16 s with a time resolution of 4 ms, yielding a Nyquist frequency
of 128 Hz. We averaged the resulting Leahy normalized PDS for each observation,
where we excluded the PDS constructed from those parts of the light curve where
a jump was apparent due to the turning on, or off, of a detector unit. We rebinned
the PDS logarithmically in frequency, and we subtracted the Poissonian-noise level,
based on the contribution of the Very Large Events (Zhang et al. 1995). Applying
a one-to-one energy-frequency conversion and a unit diagonal response matrix, we
used the XSPEC fitting package (Arnaud 1996) to fit the averaged, Leahy normal-
ized, and Poisson-level subtracted PDS.We fit the detectedQPO-like features as well
as the noise components with Lorentzians (following Belloni et al. 2002). For each
Lorentzian component we get the central frequency, ν0, the full-width at half max-
imum (FWHM), and the normalization (NL). As proposed by Belloni et al. (2002),
we used νmax as the characteristic frequency of the Lorentzians, with νmax defined

as
√

ν2
0 + (FWHM/2)2. To get the fractional rms amplitude we converted the nor-

malization of each of the individual components into (rms/mean)2/Hz. Following
the procedure described in Belloni & Hasinger (1990), we calculated the fractional
rms amplitude using: (rms)2 =

√
NLC/(C − B), with C the average total count rate

(source plus background) and B the background count rate, which we estimated
from the Standard-2 data.

To fit the full-band PDS (0–249), we usually needed two zero-centred Lorentzians
to fit the low-frequency noise, and two Lorentzians to fit the QPO-like features near
8 and 18 Hz, respectively. Commonly, coherent peaks with a quality factor, Q > 2
are called QPOs, and according to this definition the ∼8-Hz feature is not a QPO.
However, in the rest of this chapter, we refer to the peaked signals near 8 and 18 Hz
as the lower and upper QPO, respectively. In case no QPO was detected in the 0–249
band, the PDS was well fit with three zero-centred Lorentzians, with characteristic
frequencies (see Section 5.4.2) near 0.1, 1–3 and 6–10Hz, respectively. For those cases
where no QPOs were detected in the full energy band, we calculated upper limits to
the upper QPOs only, as the lower QPO evolved into the flat-top noise component
with similar characteristic frequencies. To get the upper limit of the upper QPO,
we used the typical values for ν0 and FWHM from observations close in colour and
intensity in which this feature was detected. In case the lower and upper QPOs
were detected in the 0–249 band but were not detected in one of the sub-bands, we
calculated upper limits using the best-fitting values of ν0 and FWHM obtained from
the fit to the PDS in the full energy band. Errors are given for the 1σ confidence level,
and upper limits represent the 84% confidence limits.

5.4 Results

5.4.1 Power spectra

The PDS in the super-bright state of GRO J1655−40 evolved with the position of the
source in the HID. Based on the power spectral shape, we generally found that the
HID of the super-bright state can be divided into two main parts, one at intensities
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. 2.1 Crab (and hard colour . 0.14 Crab), and the other at intensities above ∼2.1
Crab (and hard colour & 0.14 Crab).

i) In the low-intensity low-hardness regime of the super-bright state the full-band
PDS (channels 0–249)were usuallywell described by three flat-top noise components
without any peaked signature indicative of a QPO. For three observations (91702-01-
66-05, 91702-01-65-02, and 91702-01-67-05) however, only two flat-top components
were required to fit the PDS. Several of the PDS in the low-intensity regime of the
super-bright state showed some weak peaked noise near 20 Hz, but usually this
noise was not significant when we fit it with a Lorentzian. However, in four obser-
vations (91702-01-66-05, 91702-01-65-02, 91702-01-66-01, 91702-01-66-03) this peaked
∼20-Hz noise component became more than 3σ significant in the 0–249 band, with
ν0 ≃ 21 Hz, but was usually not detected in the sub-bands. We note that two of the
four observations did not need the third zero-centred Lorentzian, suggesting that in
those observations this component transforms into the ∼21 Hz QPO.
ii) In the high-intensity, high-hardness regime the full-band PDS were all well

fit with 4 Lorentzians: two of them zero-centred to fit the broad-band noise, and
the other two to fit the peaked signals near ∼8 and and ∼18 Hz, respectively. As
mentioned before, we refer to the peaked signal near ∼8 Hz as the lower QPO, and
the one near ∼18 Hz as the upper QPO.
In Fig. 5.3 we show a few examples of typical PDS of GRO J1655−40 for different

positions of the source in the HID. The typical PDS in the right-hand panels are
for the 0–249 band. The HID in the left-hand panels only show the hard colour
and intensity of the source during the super-bright state (grey data points). The
black data point in the HID marks the observation for which the power spectrum is
shown in the right-hand side. In panels A and B we show the PDS typical for the
low-intensity, low-hardness regime of the HID, which were fit with 3 zero-centred
Lorentzians. In panel B we show one of the few PDS where a significant peaked
signal was apparent at ∼21 Hz. In the panels C to E we show examples of PDS in
the brighter and harder part of the HID. For these PDS, besides the two zero-centred
Lorentzians to fit the broad-band noise, two Lorentzians were required to fit the
lower and upper QPO. Panel E shows the PDS when the source was at the peak of
the outburst, reaching an intensity of ∼4.3 Crab.

5.4.2 Timing properties as a function of intensity and hard colour

As already apparent in Fig. 5.3, we found that the variability correlated with inten-
sity and hardness. In Fig. 5.4 we show the evolution of the 1/32–128 Hz fractional
rms amplitude during the super-bright state, as function of intensity (left) and hard
colour (right). According to their MJD, we divided the observations in those occur-
ring before and after the extremely-bright observation took place. The first ∼8 days
of the super-bright state are represented by the grey data points. The observation at
∼4.3 Crab is represented by the blue data point, and all observations that took place
after the peak of the outburst are indicated by the black points. We used the same
colour code in the rest of this chapter.
From Fig. 5.4 we found that the fractional rms amplitude in the 1/32–128 Hz

band (hereafter total rms amplitude) varied between ∼8 and ∼11% in the first ∼8
days of the super-bright state, when the total rms amplitude suddenly dropped to
below 6% as the intensity increased from ∼3 to 4.3 Crab within one day. One day
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Fig. 5.3: Typical power spectra (right-hand panels) of GRO J1655−40 for different positions of
the source in the hardness-intensity diagram (left-hand panels). The grey data points in the
HID represent all the observations in the super-bright state of GRO J1655−40 during its 2005
outburst. The black data points mark the observation for which the power spectrum is shown
in the right panel. Hard colour and intensity are the same as defined before (see Section 5.3).
The PDS are the averaged, Leahy normalized, and Poisson-level subtracted power spectra for
the 0–249 band, and show the Lorentzian components we used to fit the PDS. From top to
bottom, the PDS are labelled from A to E, and are the ObsIDs 91702-01-61-01 (A), 91702-01-
66-03 (B), 91702-01-63-00 (C), 91702-01-59-02 (D), and 91702-01-58-00 (E), respectively. To be
continued on the next page.
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Fig. 5.3: Continued.

later, the total rms amplitude was again∼8–9%, and it remained around 8% for a few
days while the intensity and hardness strongly decreased returning back to the low-
intensity, low-hardness regime. When the intensity (and hardness) increased again
in the following two days, the total rms amplitude decreased to become less than
6%, and remained at around 5–6% in the last days of the super-bright state, where
the intensity and hardness decreased again.

As the total fractional variability changed with hardness and intensity, the prop-
erties of the lower and upper QPO also varied with intensity and hard colour. In
Figs. 5.5 and 5.6 we show how the characteristic frequency, coherence and fractional
rms amplitude of these QPOs evolved, therebymaking a distinction between the ob-
servations that occurred before, at and after the peak of the outburst. We used νmax

as the characteristic frequency since the zero-centred Lorentzians in a ν − Pν repre-
sentation have a maximum at a frequency equal to its break frequency, which allow
us to compare this frequency for the lower QPOs with the ones of the zero-centred
Lorentzian to which the lower QPO evolved. For the upper QPO, with Q & 2, us-
ing νmax or ν0 as the characteristic frequency does not make a significant difference.
From the 54 observations, the upper QPO was detected in 32 occasions in the full-
band PDS. When the upper QPO was not detected, we determined upper limits (see
Section 5.3) on its fractional rms amplitude, which are represented by the triangles
in the bottom panel of Fig. 5.5. The lower QPO was detected in 28 occasions in
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Fig. 5.4: The 1/32–128 Hz fractional rms amplitude as function of intensity (left-hand panel) and
hard colour (right-hand panel) in the 0–249 band. The observations are connected according
to their MJD, where the grey data points are the observations before reaching the extremely-
bright observation, which is given by the blue data point. The black points represent those
observations after this extremely-bright observation.

the full-band band PDS, and only when the source was in the high-intensity regime
of the super-bright state. In the low-intensity regime, the lower QPO appears to
evolve into the broadest zero-centred Lorentzian seen in the PDS (hereafter the third
zero-centred Lorentzian), with characteristic (break) frequencies similar to νmax of
the lower QPO. For comparison with the lower QPO we included these broad zero-
centred Lorentzians in Fig. 5.6. Note thatQ for a zero-centred Lorentzian is zero, and
we therefore did not show them in the middle panel of Fig. 5.6.

From Fig. 5.5 we found that νmax increased from ∼15 to ∼19 Hz as the intensity
increased from ∼2 to 4.3 Crab (and the hard colour increased from ∼0.15 and be-
yond). Because of the large scattering in frequency, it is not clearwhether the increase
is linear or whether it saturates at ∼19 Hz. The odd points out of this correlation are
the four observations at νmax of 21–22 Hz which were the observations belonging to
the low-intensity regime (< 2 Crab) where the noise in the PDS near 20 Hz could
be significantly fit with a Lorentzian. From the middle panels we found that the
coherence of the upper QPO increased with hardness and intensity (although due
to the large scatter in intensity this correlation is less clear as function of intensity
than for the hard colour). The coherence at low hardness was ≃ 3.5, and was larger
than 10 for the harder spectra (hard colour > 0.3). The blue data point clearly de-
viates from this trend. Instead of becoming narrower with intensity and hardness,
the upper QPO was broad, with Q ≃ 1.7, in the peak of the outburst. Also a few
points belonging to the low-intensity, low-hardness regime were more coherent than
expected according to the trend seen in the other observations, although their errors
were large. We further found that the fractional rms of the upper QPO positively
correlated with intensity and hardness, with less than 1% rms at low intensity and
hardness, and 2.5% rms at intensity larger than ∼3 Crab and hard colour above 0.3
Crab. Again the correlation is tighter when we plot the fractional rms as function of
hard colour than as function of intensity, due to the large scatter in intensity. Also
in this correlation the exceptions are the observation at 4.3 Crab, which clearly had
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Fig. 5.5: Properties of the upper QPO (∼15–21 Hz) in the full-band PDS (0–249). We show the
maximum frequency (top), quality factor (middle), and fractional rms amplitude (bottom) as
function of intensity (left-hand panels) and hard colour (right-hand panels). The blue data point
is the extremely-bright observation, the grey data points are the observations before reaching
this observation (the first∼8 days of the super-bright state), and the black points are the obser-
vations after the peak of the outburst was reached. The triangles in the bottom panel represent
the upper limits on the fractional rms amplitude, determined by using typical values for ν0 (of
18.5–20 Hz) and FWHM (of 2–2.5 Hz) which we found from PDS closely located in the HID in
which the QPO was detected.

a lower fractional rms amplitude (∼1.8%) than the trend seen in the other observa-
tions, and the black points at low intensity and hardness which had a higher rms
amplitude than expected for its position in the HID (with ∼1.5% rms).
From Fig. 5.6 we found that the characteristic frequency of the lower QPO de-

creasedwith intensity and hard colour, with νmax of∼13 Hz at intensities of∼2 Crab
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Fig. 5.6: The same as in Fig. 5.5 but now for the lower QPO (∼6–10 Hz). The open diamonds
represent the third flat-top noise component for those observations where the lower QPO
evolved into this zero-centred noise component. We only show these flat-top components in
the top and bottom panel (νmax and fractional rms), as Q = 0 for the zero-centred Lorentzian.

and ∼7 Hz at 4.3 Crab. The zero-centred Lorentzians plotted in these panels, repre-
sented by the open diamonds, showed a large scatter in νmax between ∼5 and ∼27
Hz. The coherence of the lower QPO slowly increasedwith hard colour and intensity
(we note here again that the hardness plot shows a better correlation as the scatter
in intensity was large), from Q ≃ 0.5 to Q ≃ 1. The extremely-bright observation is
again the odd one out, with a coherence of Q ≃ 4, much higher than any other lower
QPO seen in the super-bright state. Furthermore, the fractional rms amplitude of
the lower QPO clearly correlated with hardness, and likely with intensity as well,
but the large scatter in intensity made the trend less clear. The rms amplitude was
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Fig. 5.7: Maximum frequency of the QPO versus the total rms amplitude (in the 0–249 band).
We show νmax of the upper QPO in the left panel, and νmax of the lower QPO in the right
panel. The grey data points are the observations before the peak of the outburst, the blue one
is the extremely-bright observation, and the black data points are those after the peak. The
open diamonds represent νmax for the third zero-centred Lorentzian for those observations in
which the lower QPO was evolved into a broad flat-top noise component. The grey diamonds
represent the observations before the peak of the outburst, and the black diamonds are those
occurring after the peak.

∼3.5% when the hard colour was ∼0.15 Crab and increased to beyond 6% at a hard-
ness of ∼0.35 Crab. The observation at the peak of the outburst had a fractional rms
amplitude of ∼1%, much lower than any of the other lower QPOs. The zero-centred
Lorentzians show a large range of fractional rms amplitude between ∼2.5 and ∼7%
at intensities below ∼2 Crab.

As apparent in Fig. 5.4, the total rms amplitude during the super-bright state
seems to be systematically higher before reaching the peak of the outburst than for
the observations after the extreme bright observation. Although there seems to be a
difference in the variability with respect to the peak of the outburst, from Figs. 5.5
and 5.6 we found that there was no clear difference in the properties of the lower
and upperQPOs: The observations before reaching the extremely-bright observation
showed a similar trend as the observations after the peak of the outburst. To see
whether there is a correlation between the properties of the QPOs and the total rms
variability, in Fig. 5.7 we plot νmax as function of the total rms amplitude, with the
characteristic frequency of the upper QPO in the left, and of the lower QPO in the
right. In the case of the lower QPOwe also show the observations in which the lower
QPO evolved into the third flat-top component.

From Fig. 5.7 we found that there is no clear correlation between νmax of the
upper QPO and the total rms amplitude. On the other side, the lower QPO and
its associated zero-centred Lorentzian appears to have a νmax that decreases as the
total rms amplitude increases. From this figure it is again clear that the observations
before the peak of the outburst have a total rms amplitude that is higher than ∼8%,
thereby showing the large range in νmax, while observations after the peak can have
a total rms variability going down to ∼5%.
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Fig. 5.8: Maximum frequency of the lower QPO as function of the maximum frequency of the
upper QPO. Only the observations are shown of which the PDS showed the two QPOs at the
same time. The grey data points belong to the observations before the peak of the outburst,
the black ones represent the observations that occurred after the peak, and the blue data point
is the observation at the peak.

5.4.3 Frequency-frequency relation

From the top panels in Figs. 5.5 and 5.6 we found that the frequency of the upper
QPO increased as the intensity and hardness increased, while the frequency of the
lower QPO decreased as the intensity increased. In Fig. 5.8 we plot νmax of the lower
QPO versus νmax of the upper QPO. In this figure we only show the observations
where bothQPOswere detected in the PDS simultaneously. Herewe also distinguish
between the observations that took place before, at and after the peak of the outburst.
Although expected from the opposite frequency shift, from Fig. 5.8 there is no clear
anti-correlation between the two QPOs. For the lower QPO, νmax reached its lowest
value at the peak of the outburst, while νmax of the upper QPO already was ∼19 Hz
(or higher) before the peak was reached.

5.4.4 Energy dependence of the timing properties

In the previous sections we have shown the timing properties for the full-band PDS
(0–249). However, we generated PDS for three sub-bands aswell, and it is interesting
to see how the different properties depend on energy. In Fig. 5.9 we show the total
fractional rms (left-hand side) and the fractional rms amplitude of the upper QPO
(right-hand side) as function of hardness. The different energy bands are indicated
by the blue, red and grey data points for the 0–13, 14–35 and 36–249 bands, respec-
tively. (Note that for this figure we do not distinguish between observations before,
at or after the peak of the outburst.) In Fig. 5.10 we show the energy dependence of
the characteristic frequency of the upper and lower QPO, with νmax given as func-
tion of hard colour. The different energy bands are indicated with the same colour
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Fig. 5.9: The 1/32–128 Hz fractional rms amplitude (left) and the fractional rms amplitude
for the upper QPO (right) as function of intensity. The blue data points represent the rms
amplitudes for the 0–13 band, the red points are those for the 14–35 band, and the grey points
are the rms amplitudes for 36–249 band. The triangles represent the upper limits which we
derived by using the central frequency and FWHM determined from the full-band PDS (0–
249).

code as in Fig. 5.9.

From Fig. 5.9 we found that the correlation between rms amplitude and hard
colour is the same for all the energy bands, but with the rms amplitude increasing
with energy. The total fractional rms amplitude for the 0–13 band ranges between
∼4 and 10%, is between ∼5 and 14% for the 14–35 band, and ranges between ∼6
and 20% for the highest energy band (36–249). The fractional rms amplitude for the
upper QPO increases by a factor of 2–3 when going from 0–13 to 14–35 and from
14–35 to 36–249.

For the cases where the QPO was detected in more than one energy band, from
Fig. 5.10 we found that for both the QPOs νmax increased with energy. For both the
upper and lower QPO (left-hand and right-hand side panel of that figure, respec-
tively) the energy-dependent change of νmax decreased as the source became harder.
At the peak of the outburst, where the lower QPO had Q ≃ 4, νmax is the same for
all the energy bands.

5.5 Discussion

We analysed 54 RXTE/PCA observations of GRO J1655−40 during its 2005 outburst,
when the source was in the super-bright state. In this spectral state the source was
highly variable and its spectral hardness varied correlated with intensity, thereby
tracing a diagonal line in the hardness-intensity diagram. We studied the properties
of the different variability components along this diagonal line. In what follows we
describe and discuss the few peculiarities we found in the super-bright state.

5.5.1 Variability in the super-bright state

Based on the typical PDS of the 54 observations, the super-bright state of GRO
J1655−40 can be divided into two parts: The low-intensity/low-hardness and high-
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Fig. 5.10: Energy dependence of the characteristic frequency of the upper (left-hand side) and
lower QPO (right-hand side), with νmax given as function of hard colour. The colours used
to indicate the different energy bands are the same as in Fig. 5.9. The upper and lower QPOs
were not always detected in all of the individual sub-bands, and we only show the detections.
We do not show the νmax values of the components for which upper limits are calculated, as
we used the value of νmax determined from the full energy band (0–249).

intensity/high-hardness regimes with intensities (hard colour) below and above 2.1
Crab (0.14 Crab), respectively. Except for four observations (see Section 5.5.1.2), the
PDS in the low-intensity, low-hardness regime were well described by three zero-
centred Lorentzians, without any signature of a QPO. The PDS in the high-intensity,
high-hardness regime were well described by two zero-centred Lorentzians and two
QPOs near ∼8 and 18 Hz. As shown in Figs. 5.3–5.6, the timing properties of these
components evolved with intensity and hardness. Except for the extremely-bright
observation, which we discuss separately in Section 5.5.1.1, we found that the QPO
near 8 Hz, referred to as the lower QPO, and the QPO near 18 Hz, referred to as
the upper QPO, shift apart in frequency when the source intensity and hardness
increased. In the low-intensity regime, the lower QPO appears as a flat-top noise
component, with νmax that could reach up to 25 Hz at low intensity and low hard-
ness; νmax decreased as the intensity increased. The frequency of the lower QPOwas
∼7 Hz in the brightest observations. On the other hand, the upper QPO had a νmax

near 15 Hz when the intensity was near 2 Crab, and νmax increased to ∼19 Hz when
the intensity increased to 2.5 Crab and higher. Although for the upper QPO νmax

showed a large scatter, the increase in frequency as the intensity increased is clear,
and agrees with the general correlation between frequency and intensity known for
other LMXBs (van der Klis 2006). On the contrary, the frequency of the lower QPO
decreased with source intensity, different from the trend of any timing feature in
other systems. While the mechanism that produces these QPOs is yet unknown, if
these QPOs are produced in the accretion disc, the fact that the frequency of the lower
QPO decreased as the source intensity increased suggests that the region where this
QPO is produced moves out in the disc as the source becomes brighter.

We found that both the coherence and rms amplitude of the lower and upper
QPOs increased as the intensity increased. Except for the observation at the peak of
the outburst (see next section), the Q of the upper QPO increased from ∼3.5 to 10,
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and that of the lower QPO from ∼0.5 to 1, as the intensity increased. At the same
time, the fractional rms amplitude of the upper QPO increased from less than 1% to
2.5%, and that of the lower QPO from 3% to 6% as the source intensity increased.

We also found that the rms amplitude followed different relations with source
intensity for observations before and after the peak of the outburst. The observations
that took place before the peak of the outburst systematically had a larger total rms
amplitude than the observations that occurred after the peak of the outburst, even
when the source had a similar hardness and intensity (see Fig. 5.4). Although the
total rms amplitude evolved differently on the way to the peak than on its way back,
the relation between the properties of both the QPOs (frequency, coherence and rms
amplitude) and intensity (or hardness) is roughly the same, both before and after
the peak of the outburst. A possible scenario is that the difference in the total rms
amplitude is caused by the presence of the broad-band noise components, which
appeared to loose its strength after the peak of the outburst.

Besides the fact that some of the timing properties during the super-bright state
appeared to evolve in a peculiar way, the energy spectrum of GRO J1655−40 in this
state also showed to be controversial. Saito et al. (2007) performed a spectral analysis
of the 1996–1997 and 2005 outburst of GRO J1655−40 and they found that for the
super-bright state the disc component did not follow the Ldisc ∝ T 4

in relation seen
in the high/soft state of GRO J1655−40 and many other sources (e.g. McClintock &
Remillard 2006).

5.5.1.1 Peak of the outburst

The observation at the peak of the outburst showed peculiar timing properties. Al-
though the characteristic frequency of both QPOs at the peak of the outburst appear
to follow the trend seen for the other observations in this state, the coherence and
rms amplitude are odd with respect to the rest of the observations. The upper QPO
was much broader and had a lower rms amplitude, whereas the lower QPO had a
lower rms amplitude but was more coherent than expected from the extrapolation
of the relations defined by the other observations in this state. Actually, the lower
QPO, which according to the usual definition (Q ≤ 2) was not a QPO in the rest of
the observations, suddenly turned into a QPO with a quality factor of 4, whereas the
upper QPO turned into a broad peak with Q < 2.

The PDS at the peak of the outburst is one of the rare cases for BH LMXBs in
which two not-harmonically related QPOs are simultaneously detected (possibly a
type-B and type-C (or type-A) QPO). The other cases are the BH XTE J1550−564,
BHC 4U 1630−47 and H1743−322 (JeroenHoman, private communication). We note
that similar bright states, as the one studied in this chapter, were observed for at least
the sources XTE J1550−564 (Sobczak et al. 2000a) and 4U 1630−47 (Kuulkers et al.
1997; Tomsick et al. 2005).

5.5.1.2 The 21-Hz QPO in the low-intensity regime

In the low-intensity, low-hardness regime, there were four PDS that showed a sig-
nificant peak near 21 Hz, whereas the other PDS in this low-intensity regime were
all well described by three flat-top noise components. This 21-Hz feature appears to
have a higher νmax, coherence and fractional rms amplitude than the upper QPOs
detected in the high-intensity regime at intensities near 2 Crab and hardness around
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0.15 Crab. Based on the properties of the upper QPO and the 21-Hz feature, both
features could be classified as being a type-C QPO (Casella et al. 2005). However,
as νmax of the the 21-Hz feature is much higher than the one of the upper QPO at
around the same intensity and hardness, it is rather unlikely that both features are
type-C QPOs. The question whether this 21-Hz feature may have the same origin as
the upper QPO is still unanswered.

5.5.2 Comparison with hard/intermediate-state QPOs

The LFQPOs in the hard/intermediate state of BH LMXBs are well studied, and it
is interesting to see how the properties of the upper and lower QPO in the super-
bright state correlate to them. In the hard and intermediate states of GRO J1655−40
in its 2005 outburst, the PDS showed a type-C QPO with a frequency that increased
from ∼0.03 Hz in the hard state to ∼19 Hz in the intermediate state (Debnath et al.
2008). In line with this increasing frequency, the 21-Hz feature may be classified as
a type-C QPO at higher intensities. Based on the characteristic frequency, coherence
and rms amplitude, the lower QPO in the PDS at the peak of the outburst could be
either identified as a type-A or type-B QPO. Based on the properties of the upper
QPO, this component could be classified as a type-C QPO, however, the frequency
range in which the upper QPO varies with intensity and hardness does not match
the observed frequency range of the type-C QPO seen in the hard/intermediate state
of GRO J1655−40 (Debnath et al. 2008). The sudden drop in Q and rms amplitude
when the source reached the peak of the outburst, makes this QPO different than any
of the three types seen in BHC in other states; it may be possible that this is instead a
new type of QPO. To robustly determine the QPO types, we should study the phase
lags of the QPO. However, this is beyond the scope of this chapter.

We note that it is probably not correct to use the hard colour to compare the
timing properties of the source between the super-bright and the intermediate/hard
states. In the super-bright state the hard colour reached values similar to those in
the intermediate state, but the spectra appear to be totally different. As Saito et al.
(2007) already showed, the energy spectra in the super-bright state are peculiar, with
a thermal disc component becoming hotter, and a power-law component increasing
dramatically as the intensity increased. Therefore, the correlation that we found
between the timing properties and the hard colour may give a wrong picture. The
intensity in that sense will be a better tracer, although there we found that the scatter
was larger making the correlation a bit less clear.

The LFQPO in LMXBs have frequencies in the order of the Lense-Thirring pre-
cession (10–20 Hz Stella & Vietri 1999), where the inner region close to the BH (or
NS) is precessing due to relativistic effects. Ingram et al. (2009) and Ingram & Done
(2011) demonstrated that a precessing hot inner flow may be a possible geometry to
explain the broad-band noise and LFQPOs seen in BH LMXBs. However, the pecu-
liar timing properties that we have found for the super-bright state of GRO J1655−40
are still not well understood in the picture of a precessing hot inner flow.

5.6 Summary

We report on the timing analysis of 54 RXTE observations in the super-bright state
of the BH-LMXB GRO J1655−40 during its 2005 outburst. In this state, the X-ray
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intensity and hardness correlated roughly linearly, thereby tracing a diagonal line
in the HID, with the intensity varying between ∼1.5 and ∼3.5 Crab, even reaching
∼4.5 Crab in one observation after a rapid increase in intensity and hardness. Based
on the typical PDS of the 54 observations, we found that super-bright state can be
divided into two main parts: (i) at intensities. 2.1 Crab, the PDS was well described
by three zero-centred Lorentzians without any signature of a QPO, (ii) at intensities
above ∼2.1 Crab, the PDS showed two QPO-like features at ∼8 and at ∼18 Hz, the
lower and upper QPO respectively, besides the two zero-centred Lorentzians needed
to fit the underlying broad-noise component of the PDS. We studied the evolution of
the variability across the super-bright state, and we found the following:
i) The characteristic frequency of the lower and upper QPO shifted in opposite

directions as the intensity increased, with the frequency of the lower QPO decreasing
from∼12 to ∼7 Hz, and the frequency of the upper QPO increasing from∼15 to∼19
Hz. The rms and coherence of the two QPOs increased as the intensity increased.
The shift to lower frequencies of the lower QPO is in contrast to what is known from
all the variability studies performed for this source and many other sources.
ii) The properties of the two QPOs in the extremely-bright observation did not

follow the general trend drawn by the other observations: In this observation the
lower QPO reached a coherence, Q ≃ 4 at ∼7 Hz, whereas the upper QPO became
broader (with Q < 2) with a central frequency of ∼18 Hz. The fractional rms am-
plitude of both QPOs was much lower than expected according to the trend of the
other observations in the super-bright state.
iii) The 1/32–128 Hz fractional rms amplitude of the PDS evolved with time,

varying between 8 and 11% for the first ∼8 days of the super-bright state; once it
reached the extremely-bright observation, the 1/32–128 Hz rms amplitude dropped
to less than 6%, and after this it gradually decreased to be around 5–6%.
iv) There were a few observations in the low-intensity/low-hardness regime that

showed a significant peaked feature near 21 Hz. This feature may be classified as a
type-C QPO, although phase-lag studies should be performed to confirm this. We
found that this 21-HzQPO had different properties than the upper QPO, and it likely
has a different origin.
The peculiar properties observed in the super-bright state of GRO J1655−40 dur-

ing its 2005 outburst remain an unsolved puzzle. Only a combination of phase-lag
studies, timing and spectral analysis may possibly lead to a coherent picture.
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Cadolle Bel, M., Ribó, M., Rodriguez, J., et al. 2007, ApJ, 659, 549
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Dit proefschrift is samengesteld uit werk dat ik tijdens mijn promotieonderzoek
heb verricht. Voordat ik verder in ga op de wat meer specifiekere onderwerpen die
in dit proefschrift aan bod komen, geef ik eerst een beknopte introductie.
Sterren zijn hete gasbollen waarbij in hun kern waterstoffusie plaatsvindt. Bij dit

proces komt een hoop energie vrij wat wij (gedeeltelijk) kunnen zien als licht. Het
verbrandingsproces in de sterkern zorgt er voor dat een ster stabiel blijft: de buiten-
waartse stralingsdruk is in balans met de inwaartse zwaartekracht. Wanneer de ster
door zijn brandstof heen is, wint de zwaartekracht het van de stralingsdruk en zal
de sterkern krimpen. Terwijl de kern steeds compacter en heter wordt, worden er
bij fusiereacties steeds zwaardere elementen gevormd (koolstof, stikstof, zuurstof,
etc). Echter, het vormen van steeds zwaardere elementen houdt op bij ijzer. Bij ele-
menten zwaarder dan ijzer levert kernfusie geen energie meer op, maar kost het juist
energie. Bij het bereiken van dit stadium zal de sterkern vrijwel meteen ineenstorten
waarbij vele neutrino’s vrijkomen. De schokgolf die hiermee gepaard gaat, zorgt er-
voor dat de buitenste lagen van de ster worden weggeblazen. Dit is beter bekend als
de supernova-explosie. De overgebleven sterkern wordt gedurende de supernova
verder ingedrukt en zal er uiteindelijk een compact object overblijven. Afhankelijk
van demassa van de ineenstortende kern zal het achtergebleven compacte object een
neutronenster dan wel een zwart gat zijn.
Een neutronenster (een ster die voornamelijk uit neutronen bestaat omdat gedu-

rende de supernova de atoomkernen zijn ingeduwd waarbij de elektronen met de
protonen zijn samengesmolten tot neutronen) is het eindproduct van een ster waar-
van de kernmassa voor de implosie tussen 1.4 en 3 maal die van de zon bedraagt.
Na de implosie heeft een neutronenster een typische afmeting ter grootte van een
Nederlandse stad (met een straal van ongeveer 10 km). Wanneer de imploderende
kernmassa ongeveer 5 (of meer) maal die van onze zon bedraagt, zal het eindpro-
duct een zwart gat zijn. Volgens de algemene relativiteitstheorie is de massa van
de geı̈mplodeerde ster geconcentreerd in een singulariteit (welk vaak als een punt
wordt gerepresenteerd). Rond de singulariteit zit een gebiedwaaruit niets, zelfs licht
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niet, kan ontsnappen vanwege de extreem hoge zwaartekracht. Dit gebied wordt
begrensd door een denkbeeldig oppervlak, de waarneemhorizon, vanwaar licht nog
net aan de zwaartekracht van het zwarte gat kan ontsnappen. De afmeting van de
waarneemhorizon hangt af van de massa die zit opgesloten in de singulariteit. Voor
een zwart gat met de massa gelijk aan die van onze zon bedraagt de straal ervan
ongeveer 3 km.

Omdat neutronensterren en zwart gaten geen nieuwe energie opwekken door
fusiereacties, is het lastig om compacte objecten direct waar te nemen. In het ge-
val dat het compacte object een neutronenster is, die nog heet is en deze thermische
energie gewoon nog uitzendt, is het nog wel mogelijk om de ster direct waar te ne-
men, maar hoe zit het voor zwarte gaten? Een zwart gat wordt gekenmerkt omdat
het geen straling uitzendt, dus hoe kunnen deze objecten dan bestudeerd worden?
Zoals de meeste sterren in ons universum in paren voorkomen die om elkaar heen
draaien en een zogenoemd dubbelstersysteem vormen, kan een compact object ook
deel uitmaken van een dubbelstersysteem. In het geval dat één van de twee sterren
een zwart gat of een neutronenster is, en het andere een gewone ster, wordt dit sys-
teem ook wel een röntgendubbelstersysteem genoemd. Dit proefschrift gaat over
het onderzoek aan deze röntgendubbelstersystemen, in het bijzonder lage-massa
röntgendubbelstersystemen.

Lage-massa röntgendubbelstersystemen

Een lage-massa röntgendubbelstersysteem (LMXB) is een dubbelstersysteem waar-
in een gewone ster en een compact object om elkaar heen draaien. De gewone ster
heeft een massa die kleiner is dan die van het compacte object, en bedraagt gewoon-
lijk zelfs minder dan die van onze zon. In een LMXB kan materie worden overge-
dragen van de begeleidende, gewone ster naar het compact object, een proces dat
via de zogenoemde Roche-lobe overvloeiing gaat. De begeleidende ster kan zijn
Roche-lobe vullen (een op een nummer-8 lijkend equipotentiaal oppervlak rondom
het dubbelstersysteem waar materie evenveel wordt aangetrokken door beide ster-
ren) en materie dat zich buiten deze potentiaal bevindt, kan in de richting van het
compacte object vallen. Denk bij Roche-lobe overvloeiing aan twee naast elkaar lig-
gende gaten in de grond, waarbij het ene gat gevuld wordt met water. Het water zal
overvloeien naar het het tweede gat wanneer het water de rand van het eerste gat
bereikt.

De overgedragen materie heeft een grote hoeveelheid impulsmoment (door het
draaien van de ster rondom het centrale middelpunt van het dubbelstersysteem) en
de bekende behoudswetten nakomend, zal het overgevloeide materiaal niet direct
naar het compacte object toe vallen maar vormt het een zogenaamde accretieschijf.
Figuur 1 geeft een artistieke impressie van een lage-massa röntgendubbelstersysteem
waarin onder andere de begeleidende ster en accretieschijf zijn aangeduid. Het
materiaal in de accretieschijf spiraliseert zich langzaam naar het compacte object
toe en zet daarbij zijn gravitationele energie om in kinetische energie. De schijf
wordt gevormd door roterende ringen waarvan de draaisnelheid toeneemt naarma-
te de afstand tot het compacte object afneemt. Door de hoge snelheden en wrij-
ving tussen deze ringen, wordt de schijf zo heet dat het röntgenstraling uitzendt.
In het binnenste gedeelte van de accretieschijf (op slechts enkele kilometers van
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Figuur 1: Een artistieke impressie van een lage-massa röntgendubbelstersysteem. Het com-
pacte object bevindt zich in het midden van de schijf en is hier niet zichtbaar.

het compacte object) kan de temperatuur oplopen tot enkele miljoenen graden. In
de röntgensterrenkunde worden temperaturen gewoonlijk uitgedrukt in de energie-
eenheid keV, waarbij 1 keV overeenkomt met ∼12 miljoen K.
Het is in het algemeen verondersteld dat de accretieschijf en het compacte object

worden omgeven door een zogeheten corona: een heet plasma bestaande uit hoog-
energetische elektronen. De corona zendt ook röntgenstraling uit en kan zelfs tempe-
raturen bereiken van tientallen tot honderden keV. Het is de röntgenstraling afkom-
stig van de binnenste delen van de accretieschijf en de corona die ik in dit proefschrift
bestudeer. Door het gedrag van deze röntgenstraling te bestuderen (welk variaties
vertoont in helderheid en energieverdeling, zie paragraaf 5.6) hopen we meer te we-
ten te komen over de eigenschappen van de compacte objecten, met in het bijzonder
het gedrag van materie onder invloed van het sterke zwaartekrachtveld rond het
compacte object.

LMXBs zijn zeer heldere röntgenbronnen. Gelukkig voor onze gezondheid kan
de röntgenstraling afkomstig van deze bronnen niet door de aardatmosfeer heen ko-
men. Om onderzoek te doen aan LMXBs maken we gebruik van röntgentelescopen
die op enkele honderden kilometers rond te aarde cirkelen. De twee telescopen die
ik in de proefschrift heb gebruikt, heten XMM-Newton en Rossi X-ray Timing Explorer
(RXTE). XMM-Newton is een European Space Agency (ESA) missie gelanceerd op
10 december 1999 en is op de dag van schrijven nog werkzaam. RXTE, een NASA
satelliet, is gelanceerd op 30 december 1995 en zal na meer dan 15 jaar functione-
ren in januari 2012 uitgeschakeld worden. Beide telescopen hebben zeer belangrijke
bijdragen geleverd aan het onderzoek van accretieprocessen in LMXBs.

Zoals aangegeven in Figuur 1 bevindt zich naast de instroom van materie (accre-
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tie) soms ook uitstroom plaats, via de zogenaamde jets. Het wordt verondersteld dat
de materie in deze jets onder andere uit elektronen bestaat die onder hoge snelheden
straling uitzenden. De straling afkomstig van deze jets heeft over het algemeen een
golflengte in het radiogebied (maar soms zijn de jets ook in het optisch licht waar-
neembaar). In mijn proefschrift zullen deze jets verder niet aan bod komen.

Variaties in de röntgenstraling en meetmethoden

Sinds de ontdekking van de eerste LMXB in 1962 zijn er vandaag de dag al meer
dan 200 bekend. De röntgenstraling afkomstig van deze LMXBs vertoont met het
verstrijken van de tijd variaties in helderheid en energieverdeling. Gebruik makend
van verschillende methoden kunnen we deze variaties beter bestuderen en zodoen-
de proberen om de verschillende eigenschappen van LMXBs te ontrafelen.

Lichtkromme

In een lichtkromme wordt de röntgenhelderheid (het aantal röntgenfotonen dat per
tijdseenheid wordt waargenomen) weergegeven als functie van tijd. LMXBs verto-
nen helderheidsvariaties zowel op korte termijn (veel korter dan een minuut) als
op lange (over jaren) termijn. Figuur 2 geeft twee lichtkrommen weer met daarin
het lange termijn gedrag van twee LMXBs. Kijkend naar dit lange termijn gedrag,
kunnen LMXBs onderverdeeld worden in twee groepen, persistente en ‘transient’
bronnen. In persistente röntgenbronnen vindt altijd actief accretie plaats, ze zijn al-
tijd ‘aan’, terwijl ‘transient’ bronnen voor het grootste gedeelte van de tijd ‘uit’ zijn,
afgewisseld met periodes waarin de röntgenbron actief is.

Powerspectrum

LMXBs vertonen ook variaties op korte termijn, vaak op tijdschalen van seconden tot
milliseconden. Deze snelle variaties zijn vaak te zwak om direct in een lichtkromme
waar te nemen, maar door gebruik te maken van een Fourieranalyse kunnen deze
variaties wel bestudeerd worden. In de Fourieranalyse wordt elke lichtkromme be-
schreven aan de hand van een reeks sinussen en cosinussen, elk met een bepaalde
frequentie. De bijdrage van elke term, ook wel power genoemd, wordt uitgezet te-
gen de bijbehorende frequentie in een zogeheten powerspectrum. De powerspectra
van LMXBs, hoewel vaak verschillend in vorm en variërend in tijd, bestaan vaak uit
twee soorten componenten. Het powerspectrum kan zowel een brede als een nau-
we component vertonen. De brede component wordt vaak aangeduid als ruis, de
nauwe component wordt quasi periodieke oscillatie (QPO) genoemd.
Het is niet duidelijk wat deze snelle variaties veroorzaakt. Gezien de tijdschaal

waarin deze variaties plaatsvinden, die overeenkomt met de dynamische tijdschaal
vanmaterie dat zich dichtbij en rondom het compacte object beweegt, is het een voor
de hand liggend idee dat deze snelle variaties veroorzaaktworden door fluctuaties in
de binnenste delen van de accretieschijf. De karakteristieke frequentie van een QPO
(de frequentie waar de QPO piekt in een powerspectrum) kan bijvoorbeeld gebruikt
worden om de afstand tot het compacte object te meten en zodoende mogelijk iets
zeggen over de aard van het compact object. Neutronensterren, die vaak lichter zijn
dan zwarte gaten, vertonen regelmatig QPOs met frequenties typisch rond de 1000
Hz, terwijl zwarte gaten vaak QPOs vertonen die een tien tot honderd maal lagere
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Figuur 2: Lange termijn lichtkromme van een neutronen ster LMXB, 4U 1820−30 genaamd
(boven) en een zwart gat LMXB, H1743−322 (onder). Ondanks de grote helderheidsvariaties
blijft 4U 1820−30 altijd ‘aan’, terwijl H1743−322 actieve periodes vertoont afgewisseld met
langere periode waar de bron ‘uit’ is.

frequentie hebben.

Energiespectrum

De röntgenstraling afkomstig van LMXBs vertoont naast helderheidsvariaties ook
variaties in de energieverdeling van de röntgenfotonen. Deze energieverdeling kan
bestudeerd worden door middel van het energiespectrum, ofwel röntgenspectrum,
waarin de röntgenhelderheid wordt uitgezet tegen de desbetreffende energie van
de röntgenstraling. Figuur 3 vertoont twee energiespectra van eenzelfde neutronen-
ster LMXB (4U 1705−44 genaamd). Deze spectra zijn totaal verschillend van vorm.
Het grijze spectrumwordt gedomineerd door laag-energetische röntgenfotonen, ook
wel zachte röntgenfotonen genoemd, terwijl het zwarte spectrum juist een verdeling
vertoont waarin veel hoog-energetische, zogeheten harde, röntgenfotonen zijn waar-
genomen. Gebruik makend van spectrale modellen (wiskundige beschrijvingen van
stralingsprocessen die een karakteristieke energieverdeling vertonen) kan het waar-
genomen energiespectrum geanalyseerd worden. Hierbij kan er direct informatie
over de accretieprocessen achterhaald worden, zoals bijvoorbeeld de temperatuur
en afmeting van de accretieschijf en corona.

Het röntgenspectrum van LMXBs kan beschreven worden door voornamelijk
twee componenten. Een zachte component die rond 1–2 keV piekt en een harde
component die zich tot hogere energieën uitstrekt, soms zelfs tot boven de 100 keV.
De zachte component wordt toegeschreven aan de accretieschijf die als een zwart
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Figuur 3: Twee energiespectra van het röntgendubbelstersysteem, 4U 1705−44 genaamd,
welk een neutronenster bevat. Het grijze spectrum vertoont een typisch energiespectrum
waar de bron zich in de zachte spectrale toestand bevindt. Het zwarte spectrum is het ener-
giespectrumwanneer de bron zich in de harde spectrale toestand bevindt.

lichaam beschouwd kan worden. Dit wil zeggen dat de intensiteit en spectrale ver-
deling van de door de accretieschijf afgegeven straling uitsluitend afhangt van de
temperatuur van de schijf. De accretieschijf neemt, naarmate het dichter bij het com-
pacte object komt, niet alleen in snelheid toe, maar ook in temperatuur, waarbij de
maximale temperatuur wordt bereikt aan de binnenste rand van de accretieschijf.
De harde component wordt toegeschreven aan ‘inverse Compton scattering’, een
proces waarbij röntgenfotonen afkomstig van de accretieschijf zich aan de hoog-
energetische elektronen in de corona verstrooien. Bij dit verstrooiingsproces winnen
de röntgenfotonen in energie. Dit proces heeft een typisch spectrale verdeling die
beschreven wordt door een machtswet (Engels: power law), welk in een Log-Log
representatie van het röntgenspectrum een rechte vormt. De helling van deze rech-
te wordt vaak aangeduid met een index, die een maat is voor de hardheid van het
spectrum. Een grotere index betekend een steilere helling wat overeenkomt met een
zachter spectrum. De röntgenspectra van LMXBs vertonen velerlei variaties. Het
spectrum kan beschreven worden door enkel een harde of een zachte component,
maar het spectrum kan ook een samenstelling zijn waarin beide componenten ieder
hun eigen bijdrage leveren.

Bij het verstrooiingsproces in de coronaworden de röntgenfotonen in verschillen-



Nederlandse samenvatting 131

Figuur 4: Links: Schematische weergave van ijzerfluorescentie. Rechts: Het reflectiespectrum
van een plak neutraal medium beschenen door röntgenfotonen uit de corona. De fotonen in
de corona hebben een energieverdeling beschreven door een machtswet (power law).

de richtingen verstrooid. Een gedeelte van deze fotonen komt direct naar ons toe (en
veroorzaakt de harde component), maar een gedeelte van de fotonen wordt terugge-
kaatst in de richting van de accretieschijf en zal op het oppervlak van deze schijf ge-
reflecteerd worden. Wanneer de accretieschijf beschenen wordt met röntgenfotonen
zullen verschillende processen het gevolg zijn. Eén van deze processen is fluores-
centie van ijzer (Fe) en andere elementen. Het linker plaatje in Figuur 4 is een sche-
matisch weergave van zo’n proces. Wanneer een ijzeratoom een hoog-energetisch
röntgenfoton absorbeert, stoot het hierbij een elektron uit. Het betreft hier een elek-
tron uit de atomaire K-schil (de binnenste schil waarin de elektronen het meest hecht
gebonden zijn). De open plek in de K-schil wordt dan weer opgevuld door een elek-
tron uit een hogere atomaire schil onder uitzending van een foton met een karakte-
ristieke energie behorend tot de K-schil van ijzer (6.4 keV voor neutraal ijzer). De
eigenschappen van ijzer zorgen ervoor dat deze emissielijn sterk is.

Het energiespectrum van de gereflecteerde fotonen, het zogeheten reflectiespec-
trum, heeft een karakteristieke vorm met daarin emissielijnen van verschillende ele-
menten als gevolg van röntgenfluorescentie. Het rechter gedeelte van Figuur 4 laat
het reflectiespectrum zien dat het gevolg is van een plak neutraal medium (bijvoor-
beeld de accretieschijf) dat beschenen wordt door röntgenfotonen uit de corona,
welk een energieverdeling heeft dat door een machtswet beschreven wordt.

Omdat de materie in de accretieschijf rond het compacte object roteert, daarbij
extreem hoge snelheden bereikt (oplopend tot wel de helft van de lichtsnelheid) en
bovendien in een sterk zwaartekrachtsveld zit, zal het reflectiespectrum vertekend
worden door verschillende effecten. Het linker gedeelte van Figuur 5 vertoont een
schematisch overzicht van deze effecten, waarbij voor het gemak alleen de verteke-
ning en verbreding van een enkele emissielijn wordt weergegeven en niet de ver-
tekening en verbreding van het hele reflectiespectrum. Doordat de materie in de
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Figuur 5: Links: De natuurkundige processen achter het vertekenen en verbreden van een
emissielijn die uitgezonden is in de nabijheid van een compact object. Rechts: Twee relati-
vistisch verbrede en roodverschoven lijnprofielen van ijzer. Het rode profiel komt van een
accretieschijf waarvan de afmeting van de binnenste straal ongeveer 6 maal groter is dan in
het geval van het blauwe lijnprofiel.

accretieschijf roteert, zal (bij een zij-aanzicht van de schijf) een gedeelte naar ons toe
en een gedeelte van ons vandaan bewegen. De fotonen worden hierbij blauwver-
schoven (naar ons toe) en roodverschoven (van ons af) en veroorzaakt de dubbele
piek zoals weergegeven in het bovenste plaatje van Figuur 5 (Newtonian). Een wel-
bekend fenomeen van rood- en blauwverschuiving is de sirene van een ambulance:
een naderende sirene klinkt hoger, heeft een hogere frequentie (blauw) dan het oor-
spronkelijk geluid van de sirene. Zo heeft een sirene die van ons vandaan beweegt
een lagere klank (lagere frequentie, rood) dan het werkelijk uitgezonden geluid. Ver-
der worden door de extreem hoge snelheden in de accretieschijf de blauwverscho-
ven fotonen versterkt in hun helderheid, terwijl de roodverschoven fotonen worden
afgezwakt. Dit is een fenomeen voorspeld door de speciale relativiteitstheorie waar-
van het effect is weergegeven in het tweede plaatje. Het sterke zwaartekrachtveld
van het compacte object zorgt ervoor dat alle fotonen gravitationeelworden roodver-
schoven. Dit effect, weergegeven in het derde plaatje, is een algemeen relativistisch
effect waarbij de roodverschuiving gezien kan worden als het verliezen van energie
(en daardoor een lagere frequentie uitzendt) omdat het foton uit de gravitationele
put moet klimmen. Al deze effecten samen zorgen voor een karakteristiek lijnpro-
fiel, zoals weergegeven in het onderste plaatje.
Bij het dichter naderen van het compacte object krijgt de materie in de accretie-

schijf niet alleen hogere snelheden, maar beweegt het bovendien in een sterker wor-
dend gravitatieveld. Zodoende worden alle bovengenoemde effecten sterker naar-
mate de afstand tot het compacte object afneemt. Door de maximale roodverschui-
ving van de emissielijn te bepalen, kan de afstand tot het compacte object vastgesteld
worden. Het rechter gedeelte van Figuur 5 vertoont twee relativistisch verbrede en
roodverschoven lijnprofielen van ijzer. Het verschil tussen het rode en het blauwe
lijnprofiel wordt slechts veroorzaakt door de afstand van het binnenste gedeelte van
de accretieschijf tot het compacte object, waarbij de afstand ongeveer 6 maal kleiner
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is voor het blauwe lijnprofiel vergeleken met het rode profiel.

Spectrale toestanden

LMXBs vertonen een diversiteit aan eigenschappen die, gebaseerd op het energie-
spectrum, powerspectrum en de helderheid kunnen worden onderverdeeld in ver-
schillende spectrale toestanden, waaronder de zogeheten ‘low-hard state’, ‘high-soft
state’, ‘intermediate state’ en ‘anomalous state’.
De low-hard state vindt plaats wanneer de röntgenhelderheid laag is en wordt

gekenmerkt door een hard röntgenspectrum, welk vaak beschreven wordt door een
machtswet met een typische index tussen 1.5 en 1.8. Een zachte component afkom-
stig van de accretieschijf is vaak niet waarneembaar omdat de accretieschijf een te
lage temperatuur heeft om met röntgensatellieten waargenomen de worden. Het
afwezig zijn van deze zachte component in het röntgenspectrum wordt in het alge-
meen toegeschreven aan een accretieschijf waarvan de binnenste rand ver van het
compacte object verwijderd is. Verder vertoont het powerspectrum van de low-hard
state een sterke brede component die langzaam in sterkte afneemt naarmate de bron
in helderheid toeneemt. Met het toenemen van de röntgenhelderheid verschijnt er
af en toe een QPO in het powerspectrum.
De high-soft state is de spectrale toestand waar de LMXB zeer helder is. Het

wordt gekenmerkt door een röntgenspectrum welk gedomineerd wordt door een
zachte thermische component, afkomstig van de accretieschijf met een temperatuur
om en nabij 1 keV. De harde component in het röntgenspectrum is vaak zwak en
heeft een index tussen de 2 en 2.5, steiler dan in de low-hard state. De brede compo-
nent in het powerspectrum is zwak en heel soms is een zwakke QPOwaarneembaar.
Er wordt doorgaans verondersteld dat de binnenste rand van de accretieschijf in de
high-soft state tot aan de binnenste stabiele baan reikt. Deze binnenste stabiele baan
is de minimale afstand tot het compacte object waar materie zich nog in een stabie-
le baan kan bevinden. Binnen deze minimale stabiele baan zal materie zich op het
compacte object storten.

De intermediate state vindt plaats wanneer de LMXB een overgang maakt van
de harde naar de zachte, of van de zachte naar de harde spectrale toestand. De in-
termediate state vertoont eigenschappen die tussen de low-hard state en high-soft
state inzitten. Het heeft een zachter energiespectrum dan de low-hard state, met
een steilere harde component en een opkomende, heter wordende zachte compo-
nent. De index van de harde component kan zelfs oplopen tot een waarde vergelijk-
baar met die van de high-soft state. Het powerspectrum vertoont dikwijls een sterke
QPO, waarbij de karakteristieke frequentie toeneemt naarmate het spectrum zachter
wordt. Deze toenemende frequentie, samen met de oplopende temperaturen van de
accretieschijf, zijn sterke aanwijzingen dat de binnenste rand van de accretieschijf
zich naar het compacte object beweegt tijdens de overgang van de low-hard state
naar de high-soft state.

De anomalous state is een afwijkende spectrale toestand die slechts is waarge-
nomen voor vier LMXBs. In de anomalous state bereikt de bron een extreem hoge
röntgenhelderheid. Hoewel de energieverdeling van de röntgenfotonen vergelijk-
baar is met die in de high-soft state, de accretieschijf in de anomalous state wordt
echter veel heter, soms zelfs wel met een temperatuur om en nabij 3 keV. Bovendien
is de relatieve bijdrage van de accretieschijf aan de totale röntgenhelderheid lager
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dan in de high-soft state. Verder wordt de anomalous state gekenmerkt door een
zeer steile harde component, typisch met een index van 3 tot 4. Een redelijk sterke
brede component kenmerkt het powerspectrum, waarin vrij sterke QPOs regelmatig
waarneembaar zijn. Tot nu toe is er geen duidelijkheid over de processen die tijdens
deze afwijkende spectrale toestand plaatsvinden.

Dit proefschrift

In dit proefschrift beschrijf ik het onderzoek dat ik heb verricht aan vier verschillen-
de LMXBs, hierbij een reeks van verschillende spectrale toestanden doorlopend. De
eerste drie hoofdstukken zijn hoofdzakelijk gericht op het analyseren van energie-
spectra waarin ik het profiel van de ijzeremissielijn bestudeer. Het laatste hoofdstuk
is enkel gericht op het analyseren van het powerspectrum. Hieronder geef ik in het
kort de hoofdlijnen van elk onderzoek weer.

Geometrie van de accretieschijf in de low-hard state

Tot eind jaren 90werd aangenomen dat de accretieschijf in de low-hard state bestond
uit een afgeknotte schijf (een ring) die zich op grote afstand van het compacte object
bevond. In hoofdstuk 2 belicht ik de geometrie van de accretieschijf in de low-hard
state aan de hand van de LMXB, Swift J1753.5−0127 genaamd. Deze bron is één
van de weinige LMXBs die ervoor gezorgd heeft dat het idee van een afgeknotte
schijf in de low-hard state mogelijk niet altijd correct is. Het röntgenspectrum van
Swift J1753.5−0127 vertoont namelijk een exces nabij 1 keV. Dit exces werd toege-
schreven aan thermische emissie afkomstig van de accretieschijf die niet afgeknot is,
maar waarvan de binnenste rand dichtbij of zelfs tot aan de binnenste stabiele baan
rond het compacte object reikt. Gebruik makend van een simultane XMM-Newton
en RXTE waarnemingen van Swift J1753.5−0127 onderzoek ik of het exces nabij 1
keV mogelijk het resultaat is van de keuze in de spectrale modellen die gebruikt wa-
ren om het energiespectrum te analyseren. In mijn onderzoek gebruik ik een aantal
verschillende modellen om de harde component te beschrijven. Afhankelijk van het
gebruikte spectralemodel vind ik dat het exces bij het ene model wel en bij het ander
model niet (of niet beduidend) aanwezig was.
Naast de discussie over het wel of niet aanwezig zijn van dit exces, bericht ik

over een brede ijzeremissielijn die we in hetzelfde energiespectrum van deze bron
hebben ontdekt. Deze emissielijn vertoont een profiel dat zeer waarschijnlijk relati-
vistisch verbreed is. Door de waargenomen ijzerlijn te vergelijken met verschillende
relativistische lijn modellen en relativistisch vertekende reflectiemodellen, bepaal ik
de afmeting van de binnenste rand van de accretieschijf. Het resultaat hiervan is dat
de accretieschijf zowel afgeknot kan zijn, maar ook een binnenste rand heeft die tot
dichtbij of zelfs tot aan de binnenste stabiele baan reikt, afhankelijk van het gebruikte
lijn model.
Door het onderzoek dat ik gedaan heb, beschreven in hoodfstuk 2, kan ik he-

laas geen uitsluitsel geven wat betreft de geometrie in de low-hard state van Swift
J1753.5−0127. Echter, wat ik met mijn onderzoek heb laten zien, is dat het van groot
belang is om zorgvuldig het spectrale model te kiezen. Het resultaat kan namelijk
afhangen van deze keuze en sterke gevolgtrekkingen kunnen daaraan gekoppeld
worden.
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Zeer sterke emissielijn van ijzer in de intermediate state

Hoofdstuk 3 toont het onderzoek aan het röntgenspectrum van een relatief nieuwe
bron, XTE J1652−453 genaamd (ontdekt in 2009). De ware aard van het compact
object in XTE J1652−453 is niet bekend, maar omdat het röntgenspectrum van XTE
J1652−453 kenmerken vertoont die overeenkomen met typische röntgenspectra van
LMXBs die een zwart gat bevatten, nemen we aan dat dit dubbelstersysteem mo-
gelijk een zwart gat bevat. De gelijktijdig, met XMM-Newton en RXTE genomen
waarneming van XTE J1652−453, welk zich op het moment van waarnemen in de
intermediate state bevond, vertoont een röntgenspectrum waarin een zeer sterke en
brede ijzeremissielijn zichtbaar is. Deze lijn is zelfs 2 tot 3 maal sterker dan elke
andere ijzeremissielijn destijds bekend voor LMXBs die een zwart gat bevatten. Ge-
bruik makend van een verscheidenheid aan spectrale modellen, analyseren we het
röntgenspectrum van XTE J1652−453 wat resulteert in robuuste metingen aan het
lijnprofiel als ook aan de zachte- en harde component. De sterkte van de emissielijn
in de intermediate state kan mogelijk verklaard worden doordat zowel de accretie-
schijf en de corona beide beduidend aanwezig waren in het energiespectrum.

Hoeveel de corona en de neutronenster bijdrage tot het reflectiespectrum

Het grote verschil tussen zwarte gaten en neutronensterren is dat neutronensterren
een vast oppervlak hebben. Wanneer materie uit de accretieschijf op dit oppervlak
valt, zal het thermische röntgenstraling uitzenden welk gewoonlijk nabij 1 tot 2 keV
piekt. De röntgenstraling afkomstig van de corona, die daarbij de accretieschijf be-
schijnt, kan bijdragen aan het reflectiespectrum. Soortgelijk, kan ook de straling
afkomstig van de neutronenster bijdragen aan het reflectiespectrum. In hoofdstuk
4 onderzoek ik de relatieve bijdrage van elk van deze componenten aan het reflec-
tiespectrum in zes waarnemingen (elk van de zes simultaan genomen met XMM-
Newton en RXTE) van de neutronenster bevattende LMXB, 4U 1636−53 genaamd.
De zes waarnemingen zijn verdeeld over 2 spectrale toestanden: een zachte en een
harde toestand, en in elk van de zes röntgenspectra is een ijzeremissielijn waarneem-
baar. Gebruik makend van een nieuw reflectiemodel bestudeer ik de relatieve bijdra-
ge van de corona en de neutronenster aan het reflectiespectrum en de ijzeremissielijn
in de verschillende spectrale toestanden. Aan de hand van deze spectrale analyse
stellen we vast dat de relatieve bijdrage van de beide componenten afhangt van de
spectrale toestand. Voor de zachte toestand blijkt de emissie van de neutronenster
de belangrijkste bijdrage te leveren aan het reflectiespectrum, terwijl in de harde toe-
stand de emissie van de corona juist de grootste bijdrage levert.

De anomalous state onder de loep

Hoofdstuk 5 staat in het teken van snelle fluctuaties in de röntgenstraling afkomstig
van een zwart gat bevattende LMXB dat GRO J1655−40 genaamd is. Fourier analy-
ses van lichtkrommen vanGRO J1655−40 in de anomalous state laten zien dat de po-
werspectra een relatief sterke brede component vertoont. Naast deze brede compo-
nent zijn er twee pieken te zien in de powerspectra, één nabij 7 Hz, de ander rond 18
Hz. De eigenschappen van deze twee pieken veranderen met de röntgenhelderheid,
waarbij de piek nabij 7 Hz in frequentie afneemt en de piek rond 18 Hz in frequen-
tie toeneemt naarmate de bron helderder wordt. Het is de eerste keer dat de ei-
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genschappen van de powerspectrum in de anomalous state worden beschreven. Er
bestaat vandaag de dag helaas geen duidelijk model dat deze eigenschappen kan
verklaren.
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Frequently used acronyms.

Term Description

AGN Active Galactic Nucleus
ASM All Sky Monitor; instrument on board RXTE
BH Black Hole
C-C Colour-Colour Diagram
CCD Charge Coupled Device
EoS Equation of State
EPIC European Photon Imaging Camera; instrument on board XMM-

Newton
EW Equivalent Width
FWHM Full Width at Half Maximum
HEXTE High Energy X-ray Timing Experiment; instrument on board

RXTE
HID Hardness-Intensity Diagram
HSS High-Soft State
IMS Intermediate State
ISCO Innermost Stable Circular Orbit
LHS Low-Hard State
LMXB Low-Mass X-ray Binary
MJD Modified Julian Date
MOS Metal Oxide Semiconductor; camera on board XMM-Newton
NS Neutron Star
PCA Proportional Counter Array; instrument on board RXTE
PCU Proportional Counter Unit
PDS Power Density Spectrum
PN EPIC-pn; camera on board XMM-Newton

Continued on next page
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— continued—

Term Description

PSF Point Spread Function
QPO Quasi-Periodic Oscillation
RGS Reflection Grating Spectrometer; instrument on board XMM-

Newton
rms Root mean square
RXTE Rossi X-ray Timing Explorer
UL Upper Limit
UTC Universal Time Coordinate
VHS Very High State (= steep power-law state)
XMM X-ray Multi Mirror
XRB X-ray Binary

Frequently used units & symbols.

Term Description

a∗ Dimensionless spin parameter, defined as a∗ = a/M = cJ/GM
2

c Speed of light, c = 2.9979× 108 m s−1

G Gravitational constant, G = 6.673× 10−11 m3 kg−1 s−2

J Angular momentum
M Mass, usually expressed in solar mass, M⊙ = 1.989 × 1030 kg
Rg Gravitational radius, defined as Rg = GM/c

2

θ Inclination of disc, in degrees
ν0 Centroid frequency of a Lorentzian
Q Quality factor of a Lorentzian, defined as Q = ν0/FWHM
keV Unit for X-ray energy, 1 keV ≃ 1.2 × 107 K
kpc Unit for distance, 1 kpc ≃ 3.1 × 1016 km
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